„В AGRAWAL 


> 

796 

ай 
e. 


Copyright 


Code No. 


Edition 


PITAMBAR PUBLISHING COMPANY 
888, East Park Road, Karol Bagh, 
New Delhi-110005. (INDIA) 
Tel. ; Off : 770067, 776058, 526933 
Res : 586788, 5721321, 5715182. 


» 


© Reserved with the Authors 


27427 


First, November 1989 
Remind: 1990 


Beer GA ү. (| 
PIYUSH PRINTERS PUBLISHERS (P) LTD. | 
G-12, Udyog Nagar, 
Rohtak Road, Industrial Area, 
New Delhi-110041 
Tel: 5472440 | 


Let us work as we pray, tor indeed, 
work is the body's best prayer to the Divine. 


(ii) 


Remembering 
Late Shri Hazari Lal Gupta, 
who had appreciation for hard work. 


(iv) 


ape 


кир = 


Preface 


As we continue to teach, we continue to learn. We learn from our students 
as, each year, we help them in understanding their science courses. We also 
learn from our colleagues who have kindly offered many helpful suggestions 
in writing this book. 

This book is designed for class XI students. It gathers together the 
requirements of the new syllabus introduced by the Central Board of Secondary 
Education, New Delhi. It takes into consideration not only the topics but the 
objectives set by the syllabus as well. It is an attempt to offer a simpler yet 
exhaustive exposition of the subject. It is an assurance to equip the students 
with all the informations on the topics. 


In planning the book, we have adopted the following general principles: 


— Each unit is prefaced with a list of learning objectives. The 
purpose of these objectives is to apprise the students of the scope 
of the unit. 


— Atthe end of each unit, ‘Self assessment questions’, have been 
included. It is an integral part of the book. Hence, the subject 
matter is presented in an objective question -answer format with 
the dual purpose of providing the subject matter to the students 
in a crisp form and of acquainting them with the possible 
questions on the matter. 


— Numerous illustrations and diagrams have been embodied in the 
text. These present most of the topics in visual terms. 


At the end of each unit, a collection of “Terminal questions’ 
have been provided, which cover the whole unit and whose aim 
is not merely to test the reader's knowledge, but also to promote 
understanding and to stimulate further thought. 


Presentation of the subject matter has been done in a sound, 
lucid and simple manner to help the students of all levels. 


Theentire subject matter has been written in accordance with the 
recommendations made by the International Union of Pure and 


Applied Chemistry (IUPAC). 
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— Throughoutthe book, the emphasis has been put on the use of SI 
units to explain the values of physical quantities. 


— Many solved numericals have been given to explain the subject 
matter and use of SI units. 


Care has been taken over the layout of each page so as to present the 
subject matter vividly and attractively using figures, graphs and tables to 
reinforce the text. The terminal questions at the end of each unit vary in style 
and these may be used in tests, in class-room discussions, in revision or for 
home work. 


Although considerable care has been taken in introducing the subject 
matter, yet the possibility of any error or ambiguity in matter/fact that may 
have found its way into the book in hand, cannot be ruled out. 


We hope that the students will discover the beauty of science as they 
advance through the units of the book and achieve their intended goal. 


. . We look forward to the comments and suggestions from readers for 
improvement. ^ 


Wesincerely thank our friends; Dr. Mohan Katyal. Dr. KL. Kapoor, Sh. 
ІС. Mathur, Dr. (Mrs) Veena Singhal and Dr. Radhey Mohan Singhal for their 
timely help and suggestions. Finally, we must thank our wives for their 
patience, help and encouragement at all times. 


Diwali Day, 1989 D.P. Goel 
V.B. Agrawal 
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UNIT 1 


Atoms, Molecules and Chemical 
Arithmetic 


мв ———_——_———————— 
hypotheses ought to be fitted merely to explain properties of things and not attempt to 
predetermine them except insofarastheycanbeanaidto experiments. 


UNIT PREVIEW 
1.1 Introduction 
12 Measurement in chemistry 
122 Significant figures 
122 Significant figures 
1.23 Rounding off 
1.24 Scientific notations 
13 Units 
1.3.1 Slunits 
132 Dimensional analysis 
1.4 Chemical classification of matter 
14. Mixtures, compounds and elements 
144, Separation of constituents from mixture 
(i) Sedimentation and decantation 
(i) Filtration 
(iii) Evaporation 
(iv) Sublimation 
(v) Distillation 
(vi) Crystalization 
(vii) Separation by a magnet 
(viii) Separation by a separating funnel 
1.43 Separation of a few mixtures 
144.4. Purification of substances 
14,5 Test of purity 
15 Laws of chemical combinations 
1.5.1 Law of conservation of mass 
152 Law of definite proportions 
1.53 Law of multiple proportions 
1.5.4 Law of reciprocal proportions 
1.5.5 Gay-Lussac’s law of combining volumes 
16. Dalton’s atomic theory 
1.6.1 Atomic mass 
1.6.2 Avogadro’s law 
1.63 Atomic mass unit 
1.7 Mole concept 
1.8 Chemical formula 
19 The chemical equation 
19.1 The principles to write a chemical equation 
192 Significance of a chemical equation 
19.3 Calculations using chemical equations 


Self assessment questions 
Terminal questions s 
Answers to self assessment questions 
LEARNING OBJECTIVES 
At the completion of this unit, you should be able to : 
l Determine the number of significant figures in any number — OA 
2. Determine the significant in an answer after an addition, subtraction, multiplication 
or division process 
Express any number in scientific notation 
Solve problems by the unit conversion method 
Define matter 
Classify and give examples of types of matter 
Define element, compound and mixture 
Explain the principle and working of different types of methods used in purifying 
(separating constituents from) a mixture 
Test the purity of a substance 
State and illustrate the laws of conservation of mass, definite composition, multiple 
proportions, and reciprocal proportions. 
ll. — State the basic Postulates the Dalton's atomic theory 
12. Undertstand mole concept 
13. Compute the number of moles in a given mass of an element ог a compound 
14. Compute from balanced chemical equations conversion factors for use in 
stoichiometric calculations 
15. Solve different types of problems based on the balanced chemical equations 
16. Calculate the volume of solutions needed for reactions 
11 INTRODUCTION 
Chemistry isascience that deals with the composition, structure and 
Teactions of matter, The Study of chemistry involves many complexities 
because of { 
- thelarge varieties of matter thatare known 
2. thedetailsofthe Structure of each typeof matter, and 


3. the limitless changes that the different types of matter undergo when 
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12 MEASUR EMENT IN CHEMISTRY 


reaction is 25°C : the Concentration of a reactant is 2 moles per litre; the 
volume of a gas is 500 cm? etc, All these quantities consist of two parts - 
the number (25,2 and 500) and the unit°C, mol/L and cm?, respectively), 
Allthe measured properties are expressed intermsof. anumberandaunit. 


1.2.1 Significant Figures 
When we try to measure some properties like length of an object, 
volume of milk in a cup or weight of an apple, though the length of an 


- object, volume of milk or weight of the apple are definite quantities, it is 


not possible to measure them exactly. There will always be some 
uncertainty in their measurements as these are measured by a continuous 
variable. When a measured or a calculated quantity is written down, some 
indication of the precision of the measurement must be given as well. Let 
an object be weighed on two different balances; on a crude platform 
balance it weighs 10.4g and ona sophisticated analytical balance it weighs 
10.4206 g. We find that in the first case the precison is +0.1 g whereas in 
the second case itis +0,0001 g. The number 10.4 is said to consist of three 
significant figures, whereas 10.4206 consists of six significant figures. To 
designate the number of significant fitures in a quantity is to give an 
indication of the confidence with which the number is known. The greater 
is the number of significant figures used to express a quantity, the smaller 
is the uncertainty (and greater the precision) in its measurement. 

For example, the height of a pole can be reported in three different 
ways: 210 cm, 210.0 cm, 210.00 cm. The three ways look equivalent. The 
number of significant figures in the three cases are 3,4 and 5 respectively. 
In the first case (210 cm) the digits 2 and 1 are certain but 0 is uncertain; 
0 only represents the best estimate, which may be off by +1. In this case 
the measurement is done with a crude scale. In the second case (210.0 cm) 
the scale used is more preciseas the estimate off is£0.1 and in thethird case 
(210.00 cm) the scale for measurement is even more precise as the estimate 
offinthiscaseistO 01. 

It is important to note that the result of any measurement should 
reflect faithfully the precision of the measurement. To report more 
significant figures than possible to measure in a given situation is 
misleading; to report less significant figures is suppressing some informa- 
tion which can be useful. 

The following rulesare applicable indetermining the number of sig- 
nificant figuresina number. 

1.  Allnon-zerodigitsare significant (i.e., 4.008, 15.018and 1.0080) 
2. Zeros placed between non-zero digits are signifant (i.e., 2.008, 

14.046and 20.040) 

3. Zeros at the end of a number to the right of the decimal point are 

significant (i.e., 16.080) 

4. Zeros to the left of the first non-zero digit are not significant. The 
number0.00030 has two significant figures. 

5. Zeros appearing at the end of a number and to the left of the decimal 
point may or may not be significant. For example, the number 

20,000 has one significant figure if written as 2x 10*, two significant 
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figures if written as 2.0 x 10* and three significant figures if written 
as 2.00x10*. À 
From the above rules we find that the number of significant figures in 
4.008, 15.018 and 10.070 are 4,5 and 5 respectively. The number 0.00002 
has one significant figure and the number 0.000020 has two significant 
figures. 
1.2.2 Significant Figuresin Calculations 
While doing an arithmetic calculation precision can be neither 
gained nor lost. This is maintained by the following simple rule. “The result 
should carry as many significant figures as are of the least precisely 
known quantity involved in the calculation". 
Exercise 1.1 :Findthesum of 17.5 and 13.61 
Solution : 17.5- 13.61 should bereportedas31.1 andnotas31.11. 
Ехегсіѕе1.2: (i) Findthesumof 10and 5.62 
(ii) Subtract3.168 from 7.73 
Solution : (i) 10+5.62=16 
(i) 7.73-3.168=4.56 
Exercise 1.3: Multiply 12.60 X 13.80x4.04 
Solution : 12.60 X 13.80 X 4.042 7.02x10? 
Theanswer should have three significant figures 
1.2.3 Rounding Off 
At times we find that the number of figures in the final results are 
many more than needed according to the criteria of significant figures. 
Thus, we can say that the desired result may be composed of significant 
and non-significant figures. In the final result, the non-significant digits 
are rounded off. The following rules are used in rounding off the non- 
significant digits, 
1. If the non-siginificant digit is less than 5, the last significant digit 
remains the same. 
2. Ifthe non-significant digit is more than 5, the digit is dropped and 
the last significant digitisincreased by 1. 
3. If the non-significant digit is equal to 5, there are two rules. Out of 
these two, either of the rule shbouldbe followed consistently. 
(i) Increasethe significantdigit by 1. 
(ii) If the significant digit is even, leave it as such; if it is odd, 
increaseitby 1 to makeiteven. 
1.2.4 Scientific Notations 
Very large and very small numbers are expressed using scientific 
notations based on the powers of ten. The followin g steps are necessary to 
convertanumber into the scientific (exponential) notation. 
l. Reset the decimal point so that there is a sin gle digit (not zero) to its 
left, e.., 
0.00038 = 0003.8 


2. Count the number of digits between the origian! and new decimal 
point position to determine the magnitude of the exponent of 10. It 
154 inthe aboveexample. 

3. Determine the sign of exponent of 10. If new decimal is right to the 
old one, it is negative and if new decimal is left to the old one, it is 
positive.For above example, itis negative. Thus, 0.00038=3.8X10* 

Using the scientific notation, each numbercan be expressedas, 

N x10 

Where N is a number having single non-zero digit to the left of decimal 
point andn isan integer. 

Exponential manipulations are doneas follows: 
(1) Inmultiplication, add the exponents or powers of the numbers, e.g., 

10* x 105=10**5=10° 
(i) Indivisions,subtractthe exponents, e.g., 

10°+ 10*=10%*= 10? 
(ii) Intaking roots, divide the exponent by root number, e.g., 

10*210*22 10? 

510102101952 10? 
(iv) Inraising the powers of exponents, multiply the exponent with the 

exponent, e.g., 

(102)2=1022=10* 

1.3 UNITS 

Mostof the scientific measurements are now expressed іп the metric 
system. However, till 1960, two systemsof units were used-British system 
and metric system. In the British system, the units of mass, length and time 
were pound, foot and second. The metric system was developed in France 
during 1790-1797 and it was accepted worldwide. The metric system isa 
decimal system. The various units for a physical property are reiated by 
powers of ten. The difterent powers of ten are indicated by a prefix. The 
unit of length, mass and time in this system are the metre, gram and second 
respectively. However, 10°“m is known as centimetre while 103m is 
known as kilometre. Table 1.1 gives the prefixes which are used for 
reducing orenlarging the size ofa unit. 


1.3.1 SI UNITS 

The International System of Units (SI units) was adopted by the 
General Conference of Weights and Measures in 1960. This system is now 
used throughout the world. The STunit system has 7 basic units. 


The units of mass, leneth and time are quite familiar. We buy fruit 
or vegetables in kilograms, measure cloth and report distance in metres (or 
kilometres) and measure ume in seconds (or minutes, hours). Apart from 
these basic units, in everyday experiments we need several other units, 
e.g., units of area, volume, density, pressure, force, speed etc. These units 
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are givenin Table T3. 
TABLE1.1 : Thestandard prefixesforreducing or enlarging thesize of any unit. 


SS 
10“ exa E 
10" peta P 
10” tera T 
10° giga G 
10° mega M 
10 kilo k 
10 hecto h 
10 deka da 
107! deci d 
10 centi c 
10* milli m 
107* micro 

10” nano n 
10-8 pico р 
1075 femto f 
Tov апо а 


TABLE 1.2 : The seven basic SI units. 


Quantity Unit Symbol 
Ора ДЕА ы ше Аа 


Length metre m 
Mass kilogram kg 
Time second 5 
Temperature kelvin K 
Electric current ! ampere A 
Liminous intensity candela cd 
Amount of substance mole mol 
TABLE 1.3: Some of the common derived units 
о OVO EES ee A ———— 
Quantity Definition of quantity SI unit 
Area Length square т? 
Volume А Length cube т? 
Density Mass per unit volume kg/m? 
Pressure Force per unit area kg/(ms?)(-pascal, Pa) 
Force Mass x acceleration kg m/s? (=newton,N) 
Energy Force x distance kg m?/s*(=joule, J) 
Speed Distance travelled per unit m/s 
time 
Acceleration Speed changed per unit time m/s? 
Concentration Amount/volume mol/m? 
Power . Energy/time J/s 
Quantity of electricity Current x time As 


Electric potential Power/current J/As 


| 


1.3.2 Dimensional Analysis 

Scientific compilation and evaluation generally require conversion of 
опе set of units to another. The dimensional analysis or conversion factors 
аге used to modify data on a particular unit. This involves a very simple 
and logical method as illustrated below: 
Step 1. Read the problem carefully including given units. 

For example : What is equivalent of 225 cm in metres? 
Step2. Condense the problem to a simple equality, i.e., 
225ст=?т 


Step3. Determine what relationship will be needed. 
In present case, we need 
1mz100cm 
Step4. Set up the conversion factors properly using unit factor method so 
that either of the side is dimensionless. Write down the units clearly 


езү 100ст _ im 
gu — 100cm 
lm 
I t =» —— 
n presentcase 1 1005 


Step5. Dothearithmetic involved 


_ 1m x 25cm 
1x225cm - 00 cm 


=2-25m 
Step6. Finally check the unit. In presentcase, itis metre 
Exercise 1.4 : Convert 15 min into seconds 


Solution > 15 min = ? seconds 
1 min = 60 seconds 


_ 60s 
1 min 
. _ 60s А 
1х 15 тіп = n х 15 тіп 
= 900s 


It is always advantageous to write the units clearly. Іп ће above 
examples, units of cm and min cancel out in the numerator and denominator 
leaving behind unit of m and s, respectively. Suppose, we write wrong. 
conversion factor, е... 
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; T 1 min 
15 min = 15 minx 1 = 15 min X ds 
„Е min? 
A 2728 


istake wi spotted out immediately. Itis important to know the unit 
irons ies of the common units expressed in different systems. 
y 
Someare given in Table 14. 


TABLE 1.4 Units conversion factors 
j2.54 cm/in. 0.394 in./cm 
453.6g/lb 0.002.2 1b/g 
0454 kg.Ib 2.21b/kg 
0.94614: 1.057 quL 
000254m/n. 39.37 in./m 
Ho cm/m 0.01 m/cm 
100ткт ' 0.001 km/m 
1000mL/L 0.001 L/ml 
1000g/kg 0.001 kg/g 
1.6:%10"erg/eV 6.25 x 10" eV/erg 
2.39 x 10-*cal/erg 4.18 x IO"erg/cal 
10-*cm/À 10* À/cm 
10’erg/J 10-J/erg 
1.66 x 10—24 g/amu 6.02x 10? amu/g 
760torr/atm 1.32x 10atm/torr 
101.325 kPa/atm 9.87x 10 atm/kPa 
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14 CHEMICAL CLASSIFICATION OF MATTER 


Matter has different forms. There are different methods to classify 
them. The physical classification categorises matter into three different 
states : solid, liquid and gas. On the other hand chemical classification 
suggests that matter essentially exists as element, compound and mixture. 

. Mixture has been considered homogeneous if itis made up of the same type 
ofconstituents throughout and heterogeneous if itis made of different types 
of constituents. Figure 1.1 gives an account of the different classifications 
inbrief. 

The present knowledge of science interprets nature in terms of energy 
and matter, Matter isanything that occupies space and has mass while energy 
is the capacity to do work. You are always surrounded by matter in the form 


of house, clothes, trees, vegetables, etc. and energy in the form of light, heat, 
‘sound, etc. 


Physical classification Chemical classification 


\ 


Solids Liquids Gases 


Mixtures : 


Elements Compounds 
(all atoms alike) (more than one (two or more substances, 
kind of atom) each with their 
characteristic properties) 


Homogeneous Heterogeneous 
(similar properties (parts possess 
throughout) different properties) 


Fig. 1.1 Classification of matter 


1.4.1 Mixtures, Compounds and Elements 
cal and chemical properties to 


Mixtures: Chemists always use physi 
scan be classified on the basis 


describe and identify a substance. Substance 
of their chemical nature. Mostof the materials such as air, m ilk, gasoline and 


SOURCE OF 
ELECTRICAL 
DIRECT = 
CURRENT 


Fig. 1.2 Electrolysis of water forming hydrogen and oxygen (elements) 
9 


CHAMBER: 
HYDROGEN LA 
HEAT 
OXYGEN EN 


WATER 


HYDROGEN + OXYGEN -> WATER 
(GAS) (GAS) (LIQUID) 


Fig.1.3 Synthesis of water (compound) from hydrogen and oxygen 


Steel are mixtures. Mixtures contain two or more distinct substances that 
can be physically separated from each other. Mixtures are broadly divided 
into two Categories: heterogeneous and homogeneous. Heterogeneous 
mixtures are not uniform throughoutrather different components of the mix- 
ture occupy distinctregions within the sample. A mixture of iron and sulphur 
isa heterogeneous mixture. The constituents of this mixture can be separated 
by simple methods. Homogeneous mixture has the same composition 
throughout the entire sample, Air, ink, drinking water and alcohol are 


substances. Those substances which cannot be broken down into other 


are compounds of their constituent elements. Water is a compound of 
hydrogen and Oxygen; table salt is a comound of sodium and chlorine; and 
Sugar is a compound of carbon, hydrogen and oxygen. In. Fig. 1.3, water 
issynthesized from its constituentelements-hydrogen andoxygen. 

So far 107 elements are known. Over 90 percent of the human body 
is composed mainly of four elements, i.e., oxygen, carbon, nitrogen and 
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hydrogen. Every element has been assigned a symbol for example, Cu for 
copper; Fe for iron; Na for sodium; Au for gold; and Ag for silver 


Now we can easily reason out that substances may be classified into 
elements and compounds. A substance, say inercury, on heating produces a 
red substance which weighs more than that of pure mercury. On strong 
heating from this red substance, we again obtain the initial substance, i.e., 
mercury. The weight of mercury in the beginning and at the end is the same. 
The weight measurement method of lavoisier suggests that if on heating (or 
by similar physical and chemical methods) the weight of a substance 
changes, then the original substance is a compound otherwise it is an 
element. ' 


Table 1.5 summarizes the differences between elements, compounds 
andmixtures. 


TABLE .5 Differences between elements, compounds and mixtures 


Elements Compounds Mixtures 

1. Cannot be broken 1. Can be broken down 1. Substances ina mixture can 
down into anything into constituent be present in any proportion. 
simpler. ` elements. 

2. Combine to form 2. Have properties 2. Substances in a mixture 
compounds different from the retain their individual 

3. Composed of only 3. Elements are present 
one type of atoms. in a definite and fixed 

proportion by mass 


———— 


Experiment 1.1: Take a sample of water. Taste it. Taste water again 
after boiling it. You will notice the difference in taste. Now add sugar to it 


substance) to it. 


From this experiment you can conclude thatthe properties ofamixture 
changeas therelativeamounts (composition) of ‘constituents are varied. 


As salt solution or a sugar solution is homogeneous as we cannot 
see the salt/sugar, particles in the solution even under а microscope. 


Homogeneous mixtures are formed in solid as well as in gas phase. Brass is 
a homogencous solid solution of copper and zinc while air is ahomogeneous 
gascous solution of oxygen, nitrogen, carbon dioxide and water vapours. 


In a heterogeneous mixture, the constituent substances do not have 
uniform distribution. The composition and Properties of different samples 
of a heterogeneous mixture will be different. Concrete, milk, jam, jellies, air 
in a storm, etc., are some examples of heterogeneous mixtures. You will 


argue that milk is homogeneous. But the examination of milk under a 7 
microscope will reveal to you that small droplets of fat are suspended in the 
liquid. Table 1.6 lists various types of mixtures, 

TABLE 1.6 Examples of different types of mixtures 
Types of mixture Homogeneous Heterogeneous i 
Gas in gas Air 
Gas in liquid Aerated water (CO,*H,O) 
Gas in solid " Hydrogen in palladium 
Liquid in gas Moisture in air when we 

have mist 

Liquid in solid Jellies 
Liquid in liquid Alcohol in water Oil-water 
Solid in gas Smoke (carbon їп air) ^1 
Solid in solid Alloys (brass, aba Gun powder (potassium 


nitrate + sulphur + charcoal) 


Solid in liquid Salt in water Sand + water 


1.4.2 Separation of Constituents from aMixture 


There are different methods which can be used for the separation of. 
constituents ofa mixture. The choice of the method depends upon the nature 
of the constituents presentinto it, The melting point, boiling point, solubility, 
etc. are considered to be the basis fortheir separation. Some of the common 


methods used for this pupose are explained below. A fewothermethods will 
bediscussedin Unit 18, 
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(i) Sedimentation and Decantation 


When sand is added to water in a beaker it settles down at the bottom 
of the beaker (Fig 1.4). This is called sedimentation. The supernatant liquid 
is carefully poured into another beaker with the help of a glass rod as shown 
in Fig. 1.5. During this process the sand at the bottom is not disturbed. This 
process is called decantation.The process of sedimentation in conjuction with 
decantation is employed to separate a mixture of a liquid component and an 
insoluble solid component heavier than the liquid component. 


Fig. 1.4. Sedimentation 


Fig. 1.5. Separation by decantation 


(ii) Filtration 


This method is employed to separate an insoluble component from a 
liquid, The mixture of insoluble component and the liquid is poured to a 
filter paper fixed in a funnel (Fig. 1.6). The residue (insoluble component) 
will remain on the filter paper and the clear liquid will pass through the filter 
paper and is collected in a beaker. The liquid socollected iscalled the filtrate 
(Fig. 1.6). This process is called filtration. The precipitate formed in a 
chemicalreactioncan be separated by filtration. 
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FILTER FOLD FOLD IN FIX IN 
PAPER IN HALF QUARTER FUNNEL 


Folding and correct fixing of the filter paper inafunnel 


SAND + WATER 
* SUGAR 


FILTER PAPER 
FUNNEL 


Fig. 1.6 Separation by filtration 

This method could be used to separate the following mixtures. 

(i)'Sugar andsand. Sugar is soluble in water. On filtration sand will 
get collected on the filter paper. Sugar solution will pass through filter paper. 
From this solution sugar will crystallize out on concentrating the solution. 

(ii) Sugar andsulphur. Sugar is soluble in water whereas sulphur is 
insoluble in water. 

(ii) Charcoalpowderandsulphur. Sulphur is soluble in carbon 
disulphide whereas charcoal powder is insoluble in carbon disulphide. 


Thus by making use of the preferential solubility of one substance in 
a specific solvent, one can separate the two constituents of the mixture. 


(iii) Evaporation 


"This method is employed for a mixture of miscible components when 
one of the components is non-volatile. When a mixture of sugar and water 
isheatedslowly inachinadishkeptona wire gauze or sand bath as shown 
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in the Fig. 1.7, water evaporates and passes into the atmosphere. The residue 
(sugar) left in china dish can be collected. This method is called evaporation. 


CHINA DISH 
7 CONTAINING 
{Cy FILTRATE OR 


Fig. 1.7 Evaporation 


(iv) Sublimation 


This method is employed to separate a volatile component (like 
naphthalene, iodine, ammonium chloride, camphor, etc) from a mixture with 
non-volatile components. On heating, the volatile component in the mixture 
changes directly into vapours without liquefying. The vapours become solid 
on cooling. This process is called sublimation. 


Heat 
Solid === Vapour 
Cool 


‚ Ina mixture of ammonium chloride and sodium chloride, ammonium 
chloride is a volatile component. This mixture is taken in a china dish and 
is covered with an inverted funnel as shown in Fig. 1.8. The stem of the 
funnel is plugged with cotton wool. On heating, the solid ammonium 
chloride is collected on the inner side of the funnel. The non-volatile sodium 
chloride is left on the dish. 
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COTTEN 
WOOL 


мно 


FUNNEL 


Fig. 1.8 Sublimation 


(v) Distillation 
Distillation is a process where a liquid on heating changes into vapours 


THERMOMETER 


WATER 
CONDENSER 


WATER 


є 
ALCOHOL 
MIXTURE 


Purnice 
stones 


Fig. 1.9 Separation of a mixture by distillation 
and then the vapours on cooling convert to liquid. This method is employed 
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to separate a mixture when both components are liquids or one is a soluble 
solid and the other is a liquid. Watcrandalcohol are completely miscible. 
Alcohol isamore volatile component. The mixtureis taken ina round bottom 
flask which is fitted with a thermometer and a water condenser as shown in 
Fig. 1.9. On heating, the alcohol vapours pass through the condensing unit 
where these are cooled and collected in a receiver. Water remains as residue 
in the flask. Complete separation of water and alcohol is not possibleby this 
method. A mixture of saltand watercan also be separated by this method. 


Simple distillation, described earlier is employed when the boiling points 
are far apart. When the components of a mixture boil within a narrow range 
of temperature, fractional distillation is used. (Unit 18) 

(vi) Crystallization 

Solid substances are more soluble in hot water than in cold water or 
some other solvent depending upon the nature of the substance. Therefore, 
if we cool down a saturated solution of a substance, it will slowly start 
separating and finally crystallize out. This method called crystallization is 
generally employed for the purification of the substances. Crystals that 
separate on cooling are filtered, washed and dried. 


(vii) Separationby a magnet 

Whena magnetis rotated on mixturc of iron filingsand sulphur, the 
iron filings stick to the magnet and get separated from sulphur (Fig. 1.10). 
This method is used to separate the magnetically active component (e.g. 
iron) from amixture. 


MIXTURE 


Fig.1.10Magnetic separation ofa mixture of ionand sulphur 
17 


(viii) Separation by a Separating Funnel 

A mixture of two immiscible liquids can be separated by this method. 
Oil and water do not mix but form separate layers. When these two 
immiscible liquids are taken in a separating funnel (Fig. 1.11), the heavier 
liquid forms the lower layer and the lighter liquid forms the upper layer. 
On opening the tap, the lower layer comes down first, followed by the upper 
layer. Mixture of benzene and water can also be separated by this method. 


1.4.3 Separation of a few Mixtures 


(i) Mixture of common salt, sand and sulphur. The mixture is treated 
with water. Common salt dissolves in water and is separated by filtration. 


STOPPER The residue contains sand and 


sulphur. This mixture of sand 


EPARATING : 
pre and sulphur is treated with 


CS, Sulphur dissolves leaving 


LIGHTER LIQUID 
sand undissolved. On filtration 


EAVIER LIQUID sand is obtained as a residue 
and sulphur in the filtrate. On 
evaporation, sulphur is 
obtained from the filtrate. The 
filtrate obtained earlier 
contains common salt. This is 


evaporated in a china dish. 


Common salt is left behind in 


Fig. 1.11 Separation of immiscible Е ; 
liquids by separating funnel бе china dih 

(ii) Mixture containing sand, naphthalene and common salt. 
Naphthalene being volatile is separated by sublimation. Mixture of sand and 
common salt is treated with water. Common salt dissolves in water and is 
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separated by filtration. Sand remains insoluble. Common salt is recovered 
from the filtrate on evaporation. 


(iii) Mixture containing kerosene oil, water and potassium nitrate. 
Potassium nitrate is soluble in water. Kerosene oil and water are two 
immiscible liquids. Kerosene oil being lighter than water forms upper layer. 
It is separated from water layer using a separating funnel. The water layer 
contains potassium nitrate dissolved in it. On heating water evaporates and 
Passes to the atmosphere. The residue (potassium nitrate) can be collected. 


1.4.4 Purification of Substances 


A pure substance is defined as any kind of matter of which all samples 
have the uniform composition and identical properties. For example, all 
samples of methanol contain exactly the same proportion of carbon, hydrogen 
and oxygen, regardless the sources of the samples. All samples have the 
same boiling points. Pure substances may be elements or compounds. The 
components obtained by separation methods discussed in Section 1.4.2 are 
likely to contain other components (as impurities) in small quantities. The 
component can be purified by repeating the method of separation. The 
principles of both separation and purification methods are the same. 
Fractional distillation method is used to obtain pure liquids in case the 
boiling points of two liquids do not differ much. This technique will be 
discussed in detail in higher classes. If the liquid impurity has a boiling point 
nearly 40°C apart than that of the liquid to be purified, a simple distillation 
technique can be used. There are numerous other methods which are used 
for separation and purification of substances. Chromatography is based on 
the distribution/adsorption of a substance between a Stationary anda moving 
phase (details are given in Unit 18). Separation methodsbased on differential 
electrical mobility (electrophoresis), sedimentation, velocity (ultracentrifu- 
gation), mass (mass spectrograph) and distribution between two immiscible 
liquids (countercurrentdistribution) will be dealt in higherclasses. 


1.4.5Test of Purity 


The purity of a substance can be ascertained by determining its melting or 
boiling point. For a substance to be pure it must give that value of melting 
point or boiling point which is known to exist for pure substance. With 
impurities present, the yalue will vary from the standard value. Crystals also 
have definite shapes. ў 


Melting point. Melting point of a substance is defined as the fixed 
temperature at which the solid changes into liquid. A pure substance has 
a sharp melting point. The apparatus used for the determination of the melting 
point is shown in Fig. 1.12: Finely powdered substance is taken in a small 
boiling. 
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Fig. 1.12 Determination of melting point 


tube or capillary tube. This is tied to a thermometer with a thread. The bulb 
of the thermometer is dipped into water taken in a beaker. Heat the water 
slowly to keep the temperature of water uniform throughout. When the 
opaque solid becomes transparent the temperature is noted. This is the melting 
point of the substance. This method is used to determine the melting points 
of substances which melt below 100°C. For determining the melting point 
of wax, a small boiling tube is used. 


Boiling Point. The boiling point of a liquid is defined as the temperature 
at which the vapour pressure is equal to the atmospheric pressure. It must, 
however be noted that the boiling point is not as reliable test of purity as is 
the melting point for the solid. The apparatus used for boiling point 
determination is shown in Fig. 1.13. The liquid is taken in a small test tube 
which is attached to a thermometer, using a rubber band, in such a way so 
thatthe liquid stands near the thermometer bulb. А capillary tube sealed from 
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THERMOMETER 


Fig. 1.13 Determination of boiling point 

one end is pui into it. The thermometer is then lowered into a beaker 
containing conc. H,SO, and held ina position keeping half of the tube above 
the liquid. The liquid is now heated slowly. When the bubbles leave lower 
endofcapillary inarapid stream temperature is noted. The heating is stopped 
and the temperature at which the bubbles stop at the end of capillary is also 
noted. The mean of the two temperatures is taken which is the boiling point 
of the liquid. 


Boiling points of organic liquids can also be determined by distil- 
lation of the liquid (Fig.1.9). For liquids boiling higher than 100°C, air 
condenser is used. 


1.5 LAWS OF CHEMICAL COMBINATIONS 


Chemical reactions always interest a chemist. Sometimes his wish is 
to cause a change and sometimes to prevent it. He always wished to 
understand and control the chemical changes that might occur. Based on 
experimental results he could formulate certain laws known as laws of 
chemical combinations. These laws govern a chemical reaction. 
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AE Itis reasonably logical to accept that atoms of different elements have 
different masses. The process of combination can be looked in the form of 
a simple experiment. 


Experiment 1.2 :. Take balls of two different sizes containing hooks and 
pins arrangement so that these can be easily joined with each other. Let 
the mass of smaller size ball (X) be 5g each while that of bigger size (Y) 
be 10g each. Any number of balls can be joined with each other. Now observe 
the following : 


1. Join one X and one Y ball and find out the mass. Compare it with 
the sum of the masses of the two balls. 

2. Join one X and two Y balls and find out the mass again. Compare 
it with the sum of the masses of these balls. 

3. Repeat step 2 by taking different numbers of X and Y balls. 


What do you observe ? The mass of the combined balls is the same 
as the sum of the masses of the balls. What shall we observe if we do the 
above experiment in opposite direction ? Let us consider that we have a 
system consisting of one X and one Y ball. Its mass is 15g. Now, if we 
separate X from Y and find out the contribution of mass X and Y to XY. 
Then, we shall observe, 

Masscontribution of ball X = 5/15 x 100= 33.346 
Masscontribution of ball Y= 10/15 x 1002 66.796 


Similar mass calculations for different chemical reactions invoked 
following general principles which are now known as laws of chemic 
combinations. 


1.5.1 Law of Conservation of Mass 


During a chemical change, the mass of the substances before and after 
the chemical reaction is always the same. 


1.5.2 Lawof Definite Proportions 

In a given compound, the constituent elements are always combined 
in the same (definite) proportion by mass. This is regardless of the origin 
or mode of preparation of the compound. For example, carbon dioxide 
can be formed by different methods as combustion of carbon, decompo- 
sition of calcium carbonate, and neutralisation of sodium carbonate with 


an acid, but it always centains the masses of carbon and oxygen in the 
ratio 3:8. 


1.5.3 Law of Multiple Proportions 


When two elements form more than one compound, the different 
masses of one element which combine with the same mass of the other 
element are in the ratio of small whole numbers. For example, nitrogen forms 
three oxides, viz., N,O, NO and NO 


у The masses of nitrogen which 
combine with 16g of oxygen are 28, 14 and 7g respectively which are in 
theratio4:2:1. 
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1.5.4 Law ofReciprocal Proportions 

The mass ratio of two elements A and B combining with the fixed 
mass of an element C has the simple whole number ratio with the mass 
ratio in which A and B combine together. For example, mass ratio of 
oxygen and sulphur combining with 2g of hydrogen is 2. When oxygen and 
sulphur combine to give sulphur dioxide (SO), the mass ratio is 1. The 
two mass ratios have a simple whole number ratio 1:2. 


1.5.5 Gay-Lussac's Law of Combining Volumes 
In addition to mass relationships described above, Gay-Lussac observed 
that in homogeneous gaseous reactions, volumes of the reactants and products 
are related with each other by small integers under the similar conditions 
of temperature and pressure. For example, 
Noi dH. —2NH, 
1 Vol + 3 Vol 2 Vol 


In this reaction, №, and Н, always combine in the volume ratio 1:3 and 
form 2 volumes of ammonia gas, i.e.,1 litre of №, will combine with 3 litres 
of H, to give 2 litres of NH, under similar conditions of temperature and 
pressure. 


` 1.6 DALTON'S ATOMIC THEORY 


John Dalton (1804) proposed that all known properties of matter can 
be explained in terms of the simplest component of matter named as atom. 
According to Dalton's postulates 


1. Atom is the smallest particle of an element. 

2. Atom is tiny, hard, spherical and indivisible. 

3. Atoms of an element are all alike but differ from the atoms of other 
elements. 

4. Atoms of an element have fixed mass. 


Dalton's postulate that elements consist of atoms which are identical to each 
other suggests that the element oxygen will consist of only a single type 
of particles called oxygen atoms. Similarly, element hydrogen, nitrogen, 
sodium, potassium, etc. are all made up of different types of identical 
atoms referred to hydrogen atoms, sodium atoms erc. The atoms of 
hydrogen are different from that of sodium. The other postulate of Dal- 
ton's atomic theory suggests that atoms of different elements have differ- 
ent properties. Thus, each types of atoms will have different physical 
and chemical properties which form the characteristics of the element. 
The indivisible nature of atoms is a direct consequence of the law of 
conservation of mass. During a chemical change, though it is possible 
for atoms to come closer and form a group of atoms held together by 
certain forces, it is quite improper that atoms of one kind are destroyed 
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and atoms of another kind are created. As we have seen that mercury 


combines with oxygen to give mercuric oxide which as different proper-_ 


ties than mercury and oxygen, but when mercuric oxide is heated to get 
mercury again, the mercury atoms are all alike. If atoms were destroyed 
during a chemical change, the recovery of mercury atoms would not 
have been possible. 


There are about 100 different types of atoms. When these atoms 
combine with each other according to laws of chemical combinations, they 
are capable of forming millions of compounds. A compound consists of 
group of atoms called molecules which are capable of independent exis- 
tence. 


The scientific advancement proved some of the Dalton’s ideas to be 
incorrect. For example, the discovery of isotopes has shown that atoms of 
an element are not alike. Similarly, nuclear fission and fusion reactions had 
made it possible to convert one type of atom to another type. However, in 
the chemical reactions, the atom is still indestructible and Dalton’s atomic 
theory is applicable to the chemical systems with slight modifications. 


1.6.1 Atomic Mass 


The atom is a very tiny particle which cannot be seen or subjected to 
physical investigation all alone. However, mass of an atom can be measured 
indirectly. For example take sufficient amount of arftlement which can be 
weighed. Now count the number of atoms in it. By dividing the mass with 
the number, one can find out the mass of a single atom. How to count the 
atoms ? Even in a small amount of substance there are very large number of 
atoms. Unfortunately, there was no direct method available to count the 
number of atoms, therefore, this method was also not practical. However, the 
solution to this problem was suggested by Avogadroin 1811. 


1.6.2 Avogadro’s Law 


The significance of Gay-Lussac’s observation was later recognized by 
an Italian scientist, Amadeo Avogadro. He proposed that, "Equal volumes 
of gases under the same conditions of temperature and pressure contain the 
same number of molecules. Mathematically, 

N=kV (At constant Tand P) 
here N z numberof molecules 
k = proportionality constant 
V = volume of the gas 


The most important application of Avogadro's law was in determin- 
ing the relative atomic or molecular masses of the substances. For example 
when hydrogen and oxygen gasesare filled inthe gas jars of equal volume 
ata particular temperature and pressure, it was noted that both have different 
| masses. The repetition of this experiment taking different volumes re- 
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vealed that oxygen is 16 times heavier than hydrogen. Since equal, vol- 
umes contain equal number of molecules, it may be concluded that one 
molecules of oxygen is 16 times heavier than a molecule of hydrogen. 
As it was later established that both hydrogen and oxygen are diatomic, 
the atoms of oxygen will be 16 times heavier that that of hydrogen. 
Using the same method, one can easily find out the relative atomic 
masses of all the elements Now if we are able to find out the mass of 
one atoms of any element, it will then be possible to predict the masses 
of the atoms of all elements. 

Cannizzaro determined the relative atomic masses of several elements 
using the Avogadro’s and Gay-Lussac’s laws. The accurate determination 
of relative atomic masses showed that if hydrogen atomic mass is taken unity 
then the mass of oxygen atom is 15.88. The accurate determination of atomic 
masses is now done with the help of mass spectrometerin which atoms 
in the ionic form are passed through electric and magnetic fields where these 
are deflected at different angles according to their masses and collected at 
different points. The mass spectrometric studies revealed that all the elements 
consist of the atoms of more than one mass. The atoms of an element having 
different masses are known as isotopes. 


1.6.3 Atomic Mass Unit (amu) 

In the beginning, the unit for the atomic masses was taken from the 
mass of hydrogen atoms, because it was the lightest element available. But 
this resulted in the fractional value of atomic masses of large number of 
elements. Later it was observed that if oxygen is chosen as a unit of 
atomic mass and assigned it a value of 16, the atomic mass of most of 
the elements is a whole number. 

In 1961, carbon-12 was chosen as a standard for atomic mass unit. 
(Carbon has three isotopes carbon-12, carbon-13 and carbon-14). In the 
modern atomic mass scale, the mass of carbon-12 isotope is taken exactly 
12.0000 amu. The average atomic mass of carbon in a naturally occuring 
mixture is 12.011 amu. On this scale, the atomic mass of hydrogen is 1.008 
amu while that of oxygen is 16.0 amu. Table 1.7 gives the average atomic 
massesof theelementsonC-12scale. 


TABLE 1.7 Atomic masses of elements referred to 12 C 232.0000 amu 


rr ——————————— 


Element Sym- Atomic Atomic Element Sym- Atomic Atomic 


bol Number (amu) bol Number (amu) 
ee 
Actinium Ас 89 (227) = Astatine А 85 (210) 
Aluminium Al 13. 2710 Barium Ba 56 137.3 
Americium Ат 95 (243)  Berkelium Bk 97 (245) 
Antimony Sb 51 121.8 Beryllium Be 4 9.01 
Argon Ar 18 39.9 Bismuth Bi 83 209.0 
Arsenic As 33 749 Вогоп B 5 10.8 
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—m — TABLE 1.7 Contd. 


jobium Nb 


Element Sym- Atomic Sym- Atomic Atomic 
, bol Number (amu) ^ bol Number (amu) 
Bromine Bı 35 799 Nitrogen М 7 14.0 
Cadmium Са 48 1124 Nobelium No 102 (254) 
Caesium Cs 55 132.9 Osmium Os 76 190.2 
Calcium Са 20 401 Oxygen о 8 160 
Californi- Palladium: Ра 46 106.4 
um Cf 98 (251) Phosphor- Р 15 31.0 
Carbon с 6 120 us 
Cerium Се 58 1401 Platinum Р 78 195.1 ` 
Chlorine СІ 17 35.5 Plutonium Ри 94 (242) 
Chromium Cr 24 520 Polonium Ро 84 (210) 
Cobalt Co 27 58.9 Potassium К 19 39.1 
Copper Cu 29 63.5  Prseodymum Рг 59 140.9 
Curium Cm 96 (245)  Promethium Рт 61 (145) 
Dysprosium Dy 66 162.5  Protactini- Ра 91 231.0 
Einstinium Es 99 (254) um 
Erbium Er 68 167.3 Radium Ra 88 226.0 
Europium Eu 63 152.0 Radon Rn 86 (222) 
Fermium Fm 100 (254.0) Rhenium Re 75 186.2 
Fluorine F 9 19.0 
Francium Ег 87 (223) Rhodium Rh 45 102.9 
Gadolinium Gd 64 1573 Rubidium Rb 37 85.5 
Gallium Са 31 69.7 Ruthenium Ru 44 101.1 
Germanium Ge 32 72.6 ‘Samarium Sm 62 150.4 
Gold Au 79 197.0 Scandium Sc 21 45.0 
Hafnium НҒ 72 178.5 Selenium Se 34 79.0 
Helium He 22 4.00 Silicon Si 14 28.1 
Holmium Hc 67 1649 Silver Ag 47 107.9 
Hydrogen H 1 1.008 Sodium Na 11 23.0 
Indium In 49 114,8 Strontium Sr 38 87.6 
Sulphur S 16 32.1 
Iodine I 53 126.9  Tantalum Ta 73 180.9 
Iridium Ir 77 1922 Technetium Тс 43 98.9 
Tron Fe 26 55.8 Tellurium Te 52 127.6 
Krypton Kr 38 83.8 Terbium Tb 65 158.9 
Lanthanum La 57 138.9 Thallium Tl 81 204.4 
Lawrencium Lr 103 (257) Thorium Th 90 232.0 
Lead Pb 82 207.2 
Lithium Li 3 6.94 Thulium Tm 69 168.9 
Lutetium Lu 71 1750 Tin Sn 50 118.7 
Magnesium Mg 12 243 Titanium Ti 22 47.9 
Manganese Мп 25 549 Tungsten W 74 183.8 
Mendeleyium Ма 101 (256) Uranium U 92 238.0 
Mercury Hg 80 200.6 Vanadium У 23 50.9 
Molybdenum Mo 42 95.9 Xenon Xe 54 131.3 
Neodymium Nd 60 144.2 
Neon Ne 10 202 Ytterbium Yb 70 173.0 
Neptunium Np 93 237.0 Yttrium Y 39 88.9 
Nickel Ni 28 58.7 Zinc Zn 30 65.4 


Atomic. Element 


Zirconium 


| 


Numbers in parenthesis: give the mass number of the most stable isotope. 


1.7 MOLE CONCEPT 


Atoms or molecules are the basic units of all the chemical reactions. 
When atoms combine to form molecules they do so in a simple whole number 
ratio (law of constant proportions). For example 

1 atom C + 1 atom О — 1 molecule CO 


You know it is impossible to work with a single atom, therefore, this number 
is enlarged. In SI systems of units, the term mole (abbreviation - mol) is 
defined as the amount of a substance of a system containing as many 
elementary units as there are carbon atoms in 12 g of carbon-12. This 
number of elementary units is 6.023 X 10? known as Avogadro's number. 
Therefore 1 mole contains = 6.023 x 10? objects just as 1 dozen means 12 
objects. This is to emphasize that the mole refers to a fixed number of any 
type of particles. A mole of hydrogen, a mole of helium, a mole of electrons, 
amole of Na* ions, ora mole of sodium chloride always refers to Avogadro's 
number ofatomselectrons, ionsor molecules. 


In brief, 
1mole 26.023 x 10*particles 
= Massin grams equal to atomic 
or molecular mass of a substance 
=22.414litresofagas at STP 


Molar mass is quite often used in chemical calculations. It is equal to 
the mass of the substance in grams which is numerically equal to its atomic 
mass in amu. The mole concept provides an easy method to calculate the 


absolutemassofanatom. 


Exercise 1.5 Calculate the mass of a hydrogen atom and molecule in 
gram andkilogram (atomic mass of H= 1.008 amu). 


Solution : Weknow,massof6.02x l0? atoms ofhydrogen = 1.0085 
1,008 
Hence mass of 1 atom of hydrogen = 6.02x 108 g 


=1.67x10-*g 


Mass of 1 atom ofhydrogeninkg = kg 


= 1,67 x 10-2’ kg 


d .-2x1,008 
Mass of 1 molecule of hydrogen= 602x105 È 


32.34 x10-*g 
And mass of | molecule of hydr -— 2 x 1.008 
v'eot hydrogen =" X 10x10" KB 
=3.34 x 10-7kg 
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Exercise 1.6 Calculate the mass of one atom of silver and iodine (atomic 
mass of silver= 107.9 amu andiodine= 126.9 amu). 


Solution: 107.9 


: аа си 179x10- 9 
Mass of 1 atom of silver 6.02 x 105 


| 126.9 Ў 
Mass of 1 atom of iodine 7602x108 £= 21.1 x 102g 


Exercise 1.7 How many atoms are there іп 6.495 X 10% р of potassium ? 


Solution: Atomic mass ofpotassium=39.1 amu 
39.1 g of potassium contain 6.02 x 10? atoms 


4. 6.495 x 10° of potassium will contain = 39.1 


= 10!# atoms 


Exercise 1.8 Calculate the mass of one molecule and 1 mole of C,H,OH 
Solution Massof 1 molecule of C;H,OH = (2x 12.0-- 6x 1.008 4 1 x 16.0) amu 
= 46.048 amu 
Mass of 1 mole C,H,OH = 46.048 g 


1.8 CHEMICAL FORMULA 


You are quite familiar about the chemical formulae of several substances 
e.g. water is written as H,O, hydrochloric acid as НСІ and silver nitrate 
asAgNO,. Using the concept of valency, one can write chemical formula 
of any compound. But, for a moment if we are not aware of the valency 
and we simply know the weight composition of the constituent elements 
then can we write the formula or not? The weight calculation can provide 
some information about the chemical formula of a compound. In this context, 
we often use two terms - empirical formula and molecular formula. Empirical 
formula of a compound provides information about the relative number of. 
different types of atoms, while molecular formula gives exact number of 
each type of atoms in a compound. For example, molecular formula of 


acetylene is C,H, and benzene is CH, while empirical formula of both the 
compounds is CH. З 


Тһе empirical formula of a compound can be determined from chemical 
analysis of the compound. In addition, atomic masses of the constituent 
elements must be known. The results of chemical analysis are generally 
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1. Establish the percentage composition of all the elements of the - 


compound. 

2. Convert the percentage composition to molar composition. This is done 
by dividing the percent composition with the atomic mass of the , 
corresponding element. 

3. Convert molar composition into mole ratio. This is done by dividing 
molar compositions with the least number among them. 

4. Remove fraction in mole ratio by dividing or multiplying with a 
suitable number - least mole ratio. 


. 5. Write the empirical formula by writing symbol of the element and 


putting the whole number of mole ratio as à sub-script. 
Ехегсіѕе1.9 An organic compound has 40 mass % carbon and 6.67 mass% 
hydrogen. Find outits empirical formula. 


Solution: 
Since the sum of the percent composition is not equal to 100, the 
compound contains oxygen also. 
1. Hence mass percentage composition of elements is 
С 240 H = 6.67 O = 53.33 
2. Mole composition of elements 
C40. 333; Н-667 2667; 023333 = 3.33 
12 1 16 
3. Mole ratio of elements 


on 343 ys He OSS Oa 
3 


4. As mole ratio is already in whole numbers, there is no need to remove 
fraction 
Hence empirical formulais CH,O 
To determine the molecular formula of a compound, following steps are 
required: 

1. Do all the 5 steps needed to determine empirical formula 

2. Find dut the empirical formula mass ofthe compound by adding atomic 
masses of the elements as per formula 

3. Determine themolecular mass of thecompound. 

4. Divide molecular mass by empirical formula mass and find out the 
nearest whole number. 

5. Multiply the atoms of each element with the whole number obtained in 
step 4. i 

Exercise 1.10 If the molecular mass of the compound givenin Exercise 

1.9is60amu, find out the molecular formulaof thecompound. 


Solution : Empirical formula = CH,O 
Emprical formula mass - (1242 16)amu-30amu 
Molecular mass 60amu 


Wholenumber- = 
30 


Hence, molecular formula is CHO, 
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19 THE CHEMICAL EQUATION 
A chemical equation is the symbolic representation of a chemical 
reaction in terms of symbols and formulae of the reactants and products. For 
example, the reaction between hydrogenandchlorinecan bewrittenas 
H+Cl, Thi SHER 
A chemical equation must represent a true chemical change and 
wheneveritis written, itshould also be balanced. Forexample, the equations 
2K* CL430, КСО 


| O 
(ii) 2H, +0, — ———— 2H,0 
(i) 4H,420. onc 41,0 


2. Reacting substances are written on left hand side and products on the 
righthand side separated by anarrow ( —) 

3. The balancing of equation is achieved by placing minimum possible 
wholenumbers in frontofeach Teactantand product, 


(i) Combustion ofethane, 
2C,H +70, — > 4СО,+ 6H,O 
(ii) Hydrolysis of ethyl acetate 
CH, H+H O ——> COOH+C HOH 
(iii) Decompositionof potassiumchlorate NS m 
2KC10,——»2 КСІ+30 
(iv) Formation ofammonia, 
N,+3H, ~~» 2NH, 
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1.9.2 Significance of a Chemical Equation 
l. Achemical equation i 


(a) 


(b) 
(с) 
(4) 


givenbelow: 

Solid = (s); liquid = (1), gas = (g) aqueous solution = (aq). If 
heat is absorbed it is shown as4H = +ve and heat evolved is shown 
asAH --ve.Forexample, 

2H,(g) *OXg) —— 2H,0(1);4H=-ve 

2Na(s)+2H,O(1) — —»2NaOH (aq) +H, (g); A- H= -ve 
A chemical equation provides information about the mass, number, 
moles and volumes of reactants and products if the same is known for 
eitherofareactantoraproduct, forexample. 

2KC10, —>2KC1 +30, 
From this equation we can say 2 moles of KCIO,, on decomposition, 
will give2 molesof KC1 and3 molesofO, 
2452gof KC10, will give 149.2g of KC] and96g of O, 
245.2g of KC10, will give 149.2g of KC1 and 67.2 litresof O,atSTP 
2 x6.02 x 10% molecules of KC10, will give 12.04 x 1023 molecules 
of KC1and 18.06 x10? molecules ofO, 
Thus, quantitative informations about the reactants and the products 


can be given by the use of achemicalequation. 


1.9.3 Calculations Using Chemical Equations 


The subject matter of obtaining quantitative information by the 
use of chemical equations is generally referred to as stoichiometry. 
The study of achemical equation tells us 


ü) The masses of other reactants ог products when mass of atleast one 


componentis given ; 


(ii) the volumes of gaseous reactants or products when mass of atleast 


onecomponentis given (or known); 


(iii) the volumes of the gaseous reactants Or products when volume of 


atleast one gaseous component isgiven; 


(iv) The masses ofthe reactants or products when the volume of atleast one 


gaseous componentis given. 
One can compute the amount of substances and masses of 
the substances consumed огргойџсей inachemical reaction. For ex- 


ample. 


2H(g) +08) —  — 7 29,01) 
2moles 1mole 2moles 
2x2g 1x32g 2x18g 

2 vol 1vol 2x18g 
2x6.02x102 6.02x 10” 2x 6.02 x 105 
molecules molecules molecules 


Exercise 1.11 What mass of water (in gram) will be formed by the 
combinationof 11.2 litres of oxygen (atSTP) with excess of hydrogen? 
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olution: — 11.2 litresofO, atSTP = (1/2) mole 
Form the equation: 2H, +O,——> 2H,O 

1 moleofO, gives=36 g of water 
(1/2) mole of O, will give=36x 1/2=1 8gof H,O 


Exercise 1.12 Inan experiment, 240g of magnesium oxide was obtained 
by burning of adefinite amount of. magnesium. 
2Mg+O, ———3 2MgO 

Find out the amounts and masses of magnesium and oxygen con- 
sumed, also calculate the volume of oxygen at standard temperature and 
pressure (STP). 
Solution: 

It is clear from the chemical equation that two moles of magnesium 
(Mg)react with one moleor 22.4 litres of oxygen (O,) atSTP. 

The molecular weight of magnesium oxide (MgO) is40amu. 

The amount of magnesium oxide in 240g is equal to (240/40) moles 
or 6 moles. The amount of magnesium consumed will, thus, be equal to 6 


molesand the amount of oxygen required will be equalto x 6) + moles or 
3 moles. 


Since the amountofmagnesium consumed is6 moles, therefore 
mass ofmagnesiumconsumed=6x 24 = 144g 
Similarly mass of oxygenconsumed= 3x 32=96g 


The volume of 3 moles of oxygen consumed = 3 x 22.4 or 67.2 litres at 
STP 


Exercise 1.13 What information do you draw about the amount of each 
reactantand productof the following chemical reactions? 
(i) Mg+2HC1 ——> М8С1,+Н, 
(ii) 2A1 *3H SQ > A1,(SO,),+3H, 
(iii) 2Fe,0,+3C ——>4Fe+ ЗСО, 
(iv) 2CO+0, ——» 2СО 
Solution 


(i) One mole of magnesium (Mg) reacts with two moles of hydrochlo- 
тїс acid (HC1) to give one mole of magnesium chloride (MgC1 2) and one 
mole of hydrogen (H.). 

(ii) Two moles of aluminium (A1) react with three moles of sulphuric 
acid (H,SO,) to give one mole of aluminium sulphate (A 1,(SO,),) and three 
moles ofhydrogen (B) 

(iii) Two moles of ferric (iron 
carbon (C) to give four moles of iro 
(CO,) 


2): 


2 


) oxide(Fe,O, )react with three moles of 
n (Fe) and three moles of carbon dioxide 
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(iv) Two moles of carbon monoxide (CO) react with one mole of 
oxygen (O,) to give twomoles of carbon dioxide (CO,) 


Exercise 1.14 What mass of aluminium should react to give 71g of alu- 
minium nitrate according to the following reaction? 
2A1+6HNO, ——» 2АҚМО,), + 3H, 
Solution: 
It is clear from the chemical equation that two moles of aluminium 
(Al) give two moles of aluminium nitrate, A1(NO,), or one mole of 
aluminium will giveonemoleofaluminiumnitrate. 
Massofonemoleofaluminiumnitrate- 213 mol 
Amount ofaluminium nitrate=71/213=1/3=0.33 mole 
The amountofaluminium required=0.33 mole 
Hence, the mass of aluminium =27 x 0.33 
= 9g 
Exercise1.15 Potassiumchlorate (KC 10,) on heating gives, 
2KCIO, ——» 2KC1+ 30, 
What mass of potassium chlorate would be needed to obtain 240g of 
oxygen? 
Solution: 
Two moles of potassium chlorate give three moles of oxygen. 


Amountofoxygenin 240g = z moles 


Theamountof potassium chlorateneeded = E x + 
=5 mole 
Mass of potassium chlorate гедшгей=5 x 122.6g 


=613g 
SELF ASSESSMENT QUESTIONS 
Multiple Choice Questions 


11 Puta (7) mark against the most appropriate choice: 
(i) Ноутапу significant figures are there in the number 100.21? 


(a) Two (b) Three (c) Four (4) Five 
(ii) Thesumof 115.016, 12.0and 3.4682 is 
(a) 130 (b) 130.4 (c) 130.48 (d) 130.4842 
(ii) kg/cm? is the unitof 
(a) density (b) energy _ (c) pressure (d) volume 
(iv) Ofthe following masses, the one which is dexpressed to the nearest milligram is 
(a) 16g (b) 164g (c) 16.428 g (d) 16.4284 g 
(v) Ofthe following numbers, the one with three significant figures is 
(a) 13.05 (b) 0.0120 (c) 0.012 (4) 120. 


(vi) Which of the followings is a heterogeneous mixture 
(a) Campacola (b) vegetablesoup (с) icecupe (d) tapwater ч 
(vii) Which one of the following assumptions of Dalton’s atomic theory is correct in 
mostofthe cases? 
(a) Atoms are indivisible 
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Gii) Themass of an individual carbon atom can be 12.0112 amu. 
(iv) Electrons and photons of light are examples of matter. 
(v) Differentelements have atoms that differin mass and size. 
(vi) Coistheelementcobalt and COis the compound carbon monoxide. 
(vii) CH +O, — > COH is abalanced equation. 
(viii) Twoelements sometimes form more than one compound. 
(ix) Temperature in°C=Temperature inK+273.15. 
(х) At STP the volume of 1 in mole of every gas equals 22400 millilitres. 


14 Complete the sentences in column A with suitable choice given in column B. 


Column A Column B 
Gi) A mixture will be called (a) extremely small particles 
homogeneous called atoms. 
(ii) The properties of a compound (b) decreases with the 
are quite different increase in pressure 
Gii) Each element is composed of (c) if its composition is the 
same throughout. 
(iv) Heterogeneous materials (d) from the propenies of the 
constituent elements. 
(v) At constant volume, pressure of (e) do not have fixed compositions 
a given quantity of a gas 
(vi) Molecules formed by the union (f) is a molecule of a compound. 
of different kinds of atoms 
(vii) One mole of a gas is equal to (g) 22.4 litres at STP. 
(viii) а equation (h) is directly proportional 
CH,+20, ——> CO,+2H,0 to absolute temperature. 
(ix) Free movement of (i) results into homogeneity 
molecules in gaseous state 
(x)  Atcon'unt temperature, the G) 2 moles of water are obtained 
volume occupied by a from 1 mole of methane. 
definite amount of a gas 
SHORT ANSWER QUESTIONS 


15 Mention the scientific laws for the following statements : 
(i) Equal volumes of all gases under the same conditions of temperature and 
pressure contain same number of molecules. 
(ii) —Matterisneithercreatednordestroyed inachemical process. 


1.6 Some pairs of compounds are listed below. From the information given about one of 
the compounds, supply the missing information about the other. 
G) SnF,, stannous fluoride; басш. 
(ii) PbO, lead (II) oxide;__, lead (iv) nitrate 
(iii) ^ CoSO,, Cobalt (11), sulphate; CO, (SO,),, 
(iv) KIO,, ; KIO,, potassium periodate 
(v) FeCl, iron (II) chloride; „iron (III) chloride 


17 Supply the missing name or formula in cach of the following : 
(i) CaF,———_ (ii) МЕ(СІО,), 

(iii) lithium aluminium hydride 
(iv) NaH,PO, (у). potassium ferricyanide 


18 Assume that the approximate diameter of the solar system, to the nearest million 
miles, is 7,300,000,000. Write this in scientific notation. 
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(viii) 


(ix) 


(x) 


(xi) 


(xii) 


(xiii) 


(xiv) 


(xv) 


(b) Atoms are indestructible 
(c) Atoms of elements combine in the ratios of small whole numbers to form com- — 
pounds 
(d) All atoms of an element have the same mass. 
One mole of chlroine gas, CL 
(a) weighs 35.5 g (b) weighs 6.02 x 10? g 
(c) contains 6.02 x 10? CI atoms (d) contains 1.20 x 10% CI atoms 
Calcium cyanamide reacts with water and forms ammonia 
CaCN,+3H,O  ——» CaCO, + 2NH, 
when 1 mol of CaCN, reacts with | mol of water, the amount of ammonia formed 
is 
(а) (1/2) mol (Ы) (2/3) mol (с) (1/3) mol (d) 2 mol 
For the exact neutralization of 10.0 ст? 0.1 M NaOH, sulphuric acid required is 
(а) 1.0 cm’ of 1 M H,SO, (b) 10.0 cm’ of 0.1 M H,SO, 
(c) 10.0 cm’ of 0.5 М H,SO, (d) 5 cm’ of 0.1 M H, SO, 
Which of the followings contains the greatest number of atoms ? 
(a)4gofH  (b)100gPb (Atomic mass 207 amu) 
(c) 0.1 mol F, (Atomic mass 19 amu) 
(d) five billion N, molecules (Atomic mass 14 amu) 
Which of the followings contains the greatest mass of chlorine? 
(a) 0.1 mol Cl,(b) 10 g cl, (c) 50  KCIO, (d) 10 g NaCI 
What volume of NH, gas at STP would be needed to prepare 100 ml of 2.5 molal 
(2.5m) ammonium hydroxide solution? 
(а) 0.056.  ()0.561. (с) 5.61. (4) 11.21, 
250 ml of 6 M HCI and 650 mL of 3M НСІ were mixed together. What volume of 
water be added so that the normality of the final solution is 3N? 
(a)75mL (b)100mL (c) 135 mL (d) 250 mL 
When a certain volume of carbon monoxide is burnt, the same volume of carbon 
dioxide is obtained. This is because 
(a) oxygen combines chemically with carbon monoxide 
(b) the total number of atoms present on either side of the equation is the same 
(c) the number of molecules of carbon dioxide produced is the same as the number 
of molecules of carbon monoxide burnt 
(d) one mole of carbon monoxide and one mole of carbon dioxide contain the 
same number of atoms. 


12 ЕШ in the blanks in the following sentences : 


(i) Ten grams when expressed to three significant figures will be written as 


(ii) Numerical answers resulting from calculations precise than the 
data used in the calculations. 

(iii) There are ___$ignificant figures in 0.00100. 

(iv) 0.020 cm written in scientific notion is. 

(v)  60miles/h =...........m/s 

(vi)  One-twelfth of the mass of one atom of C-12 is known as _______ 

(vii) Kelvin and Celsius scales are related ot SULT the INE 

(viii) There are H,O molecules in a drop of water weighing 1 mg. 

(ix) The molecular mass of a certain compound of sulphur and oxygen is 80 
amu. The possible simple formula of the compound would be 

(x) To obtain 0.235 mole tin from SnO, , the amount of H, required for reduc- 
tion would be 


13 Point out the correct statements of the following : 


(i) If a number is less than one, zeros following the decimal point are not 
significant figures. 
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1.12 
1.13 


1.15 


12 


13 


L5 


1.6 


Express the result of the following calculations to the appropriate number of 
significant figures : 2 
(i) 0.0123- 0.000123 
(i) (1.253/0.8694) (1.254) + 0.86 
Gi) 4.579х10* 
13 


Gv) (69-4973)0. 2 


How many ammonia molecules are present in 0.060 mole of NH,? 


Determine the number of moles in each sample of elements given below : 
(a) 10.5 g iron nails (b) 56.0g sample ofnitrogen (№) 
(c) 720 g sample of sulphur. 


What mass of CaF, should be dissolved in 250 g of H,O to make a 1.0 molal solution? 


A MgCl, solution has a density of 1.119 g/cm? and the percent of solute is 29.0% - 
Calculate the 


(i) molarity and (ii) molality of the solution 


If one atom of an element X weighs 4.20 x 107g, find out the mass of this atom of Xin 
amu. 


When ferric oxide, Fe,O,, is heated in an atmosphere of hydrogen gas, it is reduced to 
free iron, 


Fe, + 3 ————> 2Fe + 3H,O 
What amount of hydrogen is needed to reduce 265 g of Fe,O,? 


TERMINAL QUESTIONS 
Indicate how many significant figures there are in each of the following numbers 
(i) 3.704 x 10-* (ii) 0.0036 (iii) 200.6 (iv) 600 


(Ans (1) four (ii) two (iii) four (iv) ambiguous) 


Round off the following to four significant figures 
(i) 16.223 (ii) 12.897 
(Ans. (1) 16.22. (ii) 12.90) 


Convert 

(i) 12 yd? to m? 

(ii) 30 miles/hour to cm/s 

(iii) 1.25 atm to torr 

(Ans. 10.03 m?, 1341 cm/s™, 950 torr) 


The star nearest to earth is 2.6 light years away (the distance light travels in one year). 


If light travels at the rate of 3 x 10* m/s, how many Angstroms away is the nearest 
star? 


(Ans. 2.6 x 365 х 24 x 60 x 60 x 3x 10° x 10° A 22.5 x 10° A) 

What amounts of hydrogen, sulphur and oxygen are there in 0.214 mol i 
S mole of sulphuric 
(Ans. 0.428 mol H; 0.214 mole S, 0.856 mol O) 


What is the empirical formula of a compound which on an: lysi 
vespere alysis gave 0.655moleof A 


(Ans (A,B)) 
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1.8 


1.9 


1.2 


18.6 g of iron is mixed with 0.250 mole of sulphur. Calculate 
(i)  themassin grams ofa single iron atom 
(ii) themassin grams of the sulphur in the mixture 
(iii) the total number of atoms in the mixture 
(Ans. (i)9.26x 10? р atom + 
i) 8.00g (iii) 3.51 X.10? atoms) 


30.0 g of propanol, C,H,O, and 16.0 g of O, were placed in a container and ignited. 
(Gi) Writea balanced equation forthe reaction 
(ii) Whatamountof CO, were produced? 
(iii) ^ Whatmass of H,O were formed? 
(iv) Howmany molecules of C,H,O were bumed? 
(Ans (ii) 0.335 mol CO, (iii) 7.99 g H,O (iv) 6.69 x 10? molecules) 


What volume of 0.1060 M NaOH is required for the complete reaction of 25.0 mL of 
0.1252 M HNO;? (Ans. 29.5 ml) 


A mixture of MgCO, and Mg(OH), contains 26% MgCO, by mass. What mass of 
НС! are required to dissolve 14.0 g of this mixture? (Ans. 16.1 g HCl) 


ANSWERS TO SELF ASSESSMENT QUESTIONS 


()d (ii) b (iii) a (iv)c (v)b 
(vi)b (vii) c (viii) d (ix)b (x)d 
(xi) a (xii) € (xiii) c (xiv) d (ху) с 
(1) 10.0 (ii) cannot be more (iii) three (iv) 2.0 x 107 cm 
(v) 268ms—! (vi) amu (vii) К = 273.15 + PC 
(viii) 3x 10? — (ix) SO, — (3) 0.47/mole 
QT Gi) F (iii) F (iv) F (v)T 
(vi) T (vii) F (viii) T (ix) F (x) T 
(ic (ii) d (iii) a (iv)e (v)h 
(vi) £ (vii) g (viii) j (ix)i (x)b 


(i) Avogadro's law 
(ii) Law of conservation of mass 


(i) stannic chloride (ii) Pb(NO,), (їнї) Cobalt (III) sulphate 
(iv) potassium iodate (у) FeCl, 


(i) Calcium fluoride (11) magnesium chlorite (iii) LiAIH, 
(iv) sodium dihydrogen phosphate (v) K, [Fe(CN),] 
7.3 x 10° 


(i) 122 x 107? (i) 2.7 
(iii) 3.5 x 10-5 (v) 8.7 x 10^ 


3.6 x 10? 

(a) 0.188 moles (b) 4.00 moles of N 
(c) 22.5 moles 

19.5 g CaF, 

(i) 3.42 M (11) 4.30 т 

253 ати 

4.98 moles 
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UNIT 2 


Elements 
Their Occurrence And Extraction 


Who knows, whoever told, from whence this vast creation rose? 


UNIT PREVIEW 


24 Introduction 

22 Elements 

2.3 Earth as a source of elements 

24 Elements in biology 

2.5 Elements in sea 

2.6  Extractionor metallurgy ‘of metals 
2.6. Metallurgical processes 
2.62 Production of the concentrated ores 
2.63 Production of the metals 
2.6.4 Purification of the metals 

2: Mineral wealth of India 

2.8 Qualitative tests of metals 
Self assessment questions 
Terminal questions 
Answers to self assessment questions 


LEARNING OBJECTIVES 

At the completion of this unit, you should be able to: 
1. Comment on the distribution of chemical elements and their occurrence in the earth. 
2. 


Emphasize the importance of chemistry in explaining the occurrence, distribution and 
composition of elements in the earth. 
3. Comment on the various regions of earth. 


4 Describe the various types of rocks. 

5 Comment and describe the weathering process of igneous rock. 

6. Describe the meaning of oceans ~ the great store house of chemicals". 
7 Understand the importance of metals in life processes. 

8. Understand the meaning of metallurgy. 

9. ‘Account for the sources of metalsin the nativeand combined forms. . 


10. Differentiate between a mineral and an ore. 


11. Comment on the presence of metals as oxide, sulphide, carbonate, etc. in the nature. 


12. Understand the working of various methods used for the purification and concentra- 
tion of ores. 


13. Comment on the suitability of a 
concentration of ore. 

14. Account the factors influencing the 

15. Describe the following processes : 
Cacination, roasting, aluminothermy, leaching, electrolytic reduction, smelting, elec- 
trolytic refining, bessemerization, С. 

16. Describe qualitative analysis of metals. 


particular method used for the purification and 


choice of methods used in reducing a metal ore. 
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2.1 INTRODUCTION 

Man has always been a curious animal. He expressed his curiosity 
in many ways - in exploration of the new world, in discovering Antar- 
tica, in search of north pole, etc. Because of his curiosity he looked 
towards the vast sky and wondered about the universe. The true picture 
of this mysterious universe is still dim to him despite his sincere and 
paintstaking efforts. The earth, he lives on, is only like a minute particle 
compared to the Milky way (one among thousands of the galaxies which 
populate the universe in and beyond the range of astronomical vision). 

One currently popular theory for the origin and evolution of the 
universe to its present form begins with the “hot big bang” theory. Ac- 
cording to this, all the matter and the radiant energy of the universe 
were initially compressed into a single object of immense density ("Pri- 
mordial Egg") at a very high pressure and ata temperatureof some tril- 
lions of degrees. At such high temperatures, the elements as such would 
not have existed. This supposedly small package was composed of suba- 
tomic and subnuclear particles (neutrons, protons, etc.). Owing to certain 
reasons, this primordial egg exploded, hurling the matter and the radia- 
tion outward in slowly decreasing expansion. This expansion led to rap- 
idly dropping of temperature and this is the time when elements Started 
forming. Thus, chemical elements are believed to be formed as a result 
of nuclear fusion of simple nuclear particles at very high temperature 

10°K first to heavier atomic nuclei as those of helium and then on to 
the heavier and more complex nuclei of light elements (Li, Be, B,so on). 
Be atoms, thus formed, bombarded the atoms of light elements and pro- 
duced slow neutrons which are captured by the nuclei of other light 
elements and produced still more heavier elements. Thus, the elemental 
synthesis is believed to have originated through two main processes (i) 
fusion of protons, and (ii) neutron capture. 

Further it was felt that the data available on the nuclear properties 
of the elements, could serve as a basis for theoretical consideration 
about the origin of matter in the universe. Accordingly cosmos appears 
to be a mixture of elements that are formed under different conditions 
by various types of nuclear reactions. 

2.2 ELEMENTS 

Nature is, somehow, very kind in giving us all the elements 
though in widely varying quantities. Of the 107 elements presently 
known, about 85 are obtained from natural sources and others are ob- 
tained from nuclear reactions. All materials found in earth are composed 
of these elements. Around 70 percent of the elements are metals. 

Several of the metals are rare and have little practical value, but 
some metals are abundant, e.g., Cu, Al, Ca, Fe, Na, Zn, Mg, and Ti. Our 
civilization is based upon all such metals. Metals are useful in varied 


39 


type of industries — automobiles, agricultural machinery and imple- 
ments, aeroplanes, buildings, warships, ships, defence equipments, etc. 
Metals play a vital role as catalysts in certain chemical processes, e.g., 
hydrogenation of vegetable oils, manufacture of ammonia, sulphuric 
acid, nitric acid, hydrochloric acid, etc. and manufacture of synthetic 
dyes, organic solvents, drugs, general medicines, explosives, plastics, 
etc. 

Metals and their compounds are useful to mankind. Iron was the 
first trace elements shown to be essential in the human diet. It is a 
component of haemoglobin. Additional trace metals have been found to 
be essential to human nutrition : Cu, Mn, Zn, Co, Mo and Cr. Cobalt is 
a component of vitamin By Both manganese and molybdenum are 
involved in formation of enzymes. Chromium is useful for glucose me- 
tabolism. Zinc is present in some of the enzymes and in the hormone 
insulin. Copper is involved in absorption and mobilization of iron re- 
quired for haemoglobin. Metals form an important component of the min- 
eral wealth of a country. 

A few of the non-metals are hydrogen, oxygen, nitrogen, sulphur 
and phosphorus. The non-metals and their compounds play a vital role 
in chemistry and in our lives. Hydrogen and oxygen react with each 
other to form H,O (water), a simple molecule, whose unusual properties 
are necessary for the development and maintenance of life. Sugar (or 
carbohydrates), an important source of energy, contains C, H and O. 
Proteins, the body building materials, contain C, H, O and N as their 
constituents. Detergents, vitamins, fertilizers, medicines, etc., all contain 
some of the non-metals. 

About 20 elements are found in the free state or the native state, 
whereas most other elements occur in the combined form. Now the 
question arises — which type of elements are found in the combined 
state and which elements in the free state? 

Hydrogen, a typical non-metal is a very active element. The met- 
als above hydrogen in the electrochemical series (Unit 10) are rarely 
found in the free state. The less active metals, that are below hydrogen 
in the activity series, often occur in the free state, e.g., platinum and 
gold. Some metals, such as copper, silver and mercury are found both in 
the free and combined forms. Generally most electropositive metals oc- 
cur in nature in association with the most electronegative non-metals, 
e.g., halogens, oxygen, nitrogen (as NO;).Some other less electroposi- 


tive metals, such as lead, copper, silver, zinc and mercury form stable 
and insoluble salts with sulphur. 


Elements found in the combined form are often present as oxides, 
carbonates, sulphides, silicates, etc. Table 2.1 includes the metals which 
are associated with these forms in the nature. They have also been sum- 
marized in Fig. 2.1 in a manner which emphasises periodic relationship. 
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2.3 EARTH AS A SOURCE OF ELEMENTS 

The earth is the source for all the substances directly available to 
us. Broadly there are three parts of the earth, each of which corresponds 
to one of the phases-solid, liquid or gas. 

The crust or lithosphere is the solid part (siliceous shell) of the 
earth. More than 99% of the crust contains oxygen, silicon, aluminium, 
iron, calcium, sodium, potassium and magnesium and 75% is derived 
from the non-metals oxygen and silicon. About 80% of the earth’s sur- 
face is covered with aqueous solution. This liquid layer (fresh and salt 
water) along with solid state water in continental snow and ice is called 
the hydrosphere. About 40 elements (Cl, Na, Mg, Br, K, efc.) are present 
in appreciable amounts in sea water. Surrounding the earth is the gase- 
ous phase. This is called atmosphere. Nitrogen and oxygen are the major 
constituents of atmosphere. 


TABLE 2.1 Distribution of elements 


Mineral/Ore Metals present 
1. Native: Cu, Ag, Pt, Hg, As, Sb and Bi 
2. Oxide: Cu (cuprite, CuO), Fe (haematite, Fe,O,), Zn (zincite, ZnO), 


Al (bauxite, ALO,.2H.O), Sn (cassiterite, SnO,), Mn (pyrolu- 
site, MnO)) etc. 


3.  Sulphide: Zn (zinc blende, ZnS), Hg (cinnabar, HgS), Cu (copper pyrites, 
CuFeS,), Pb (galena, PbS), Ag (argentite, Ag,S), Ni and As 
(nickel glance, NiAsS), Sb (stibnite, Sb,S,), As (mispickel, 
FeAsS), etc. 

4. Carbonate : Fe (siderite, FeCO,), Zn (calamine, ZnCO,), Cu (malachite, 


CuCO,.Cu(OH),Ca and Mg (dolomite, MgCO,.CaCO,), Sr 
(strontianite, SrCO,), Ca (limestone, СаСО,), etc. 


5.  Sulphate: Ba (barytes, BaSO,), Ca (gypsum, CaSO,2H,0),Sr (celestine, 
А SrSO,), Pb (anglesite, PbSO,). еіС. 
6. Silicate: Be (beryl, 3BeO.ALO, 6SiO)), Li [spodumene, LiAl (SiO,),], 


Ni [garnierite, Н, (Mg, №) SiO,], Zn (willemite, Zn,SiO,), Al 
(kaolinite, ALO, 2SiO,.2H,0). etc. 


7. Halide Na (rock salt, NaCl), К and Mg (camallite, KCI.MgCl,.6H,O), 
Al (cryolite, Na, AIE), Ag (horn silver, AgCI), Ca (fluorspar, 
CaF, 


Thus, most of the elements are found in the natural deposits in the 
earth’s crust, oceans and atmosphere. These deposits are called minerals. 
Some of the metals, e.g., magnesium is extracted from sea water (mag- 
nesium found in sea water was primarily dissolved from the rocks of the 
earth’s crust). Thus, minerals are naturally occurring homogeneous inor- 
ganic substances of almost defined chemical compostion. Small amounts 
of iron and iron-nickel alloy are found in meteorites (solids) which come 
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from outer space. In Table 2.2 the relative abundnace of the common 
elements in earth’s crust (rock) is summarized. The erratic variation of 
the abundance of the elements in the earth’s crust is also portrayed 
through Fig. 2.2. It is clear from the Table 2.2 and Fig. 2.2 that many 
elements for which the demand is high do not occur in large amounts. 
Fortunately, however, their distribution is not uniform. Some of the ele- 
ments are found in large amounts in several locations. 


TABLE 2.2 Abundance of the elements 


Elements Earth's curst Some commonly occurring forms 
(mass %) 
Oxygen 46.6 Silica, silicates, metallic oxides 
Silicon 25.8 


Silica (sand, quartz, agate, flint) 
silicates (felspar, clay, mica) 


Aluminium 7.5 Silicates (clay, felspar, mica), oxide (bauxite) 

Iron 47 Oxides (haematite, magnetite) 

Calcium 3.4 Carbonates (limestone, marble, chalk), 
sulphate (gypsum) 

Sodium 26 Chloride (rock salt), silicates (felspar, 
zeolite) 

Potassum 2.4 Chloride, silicates (felspar, mica) 

Magnesium 1.9 Carbonate, chloride, sulphate 

Hydrogen 07 Organic matter 

Titanium 0.4 Oxide 

Chlorine 0.2 Common salt (NaCl), sylvite (KCI), 
camallite (KCI.MgCl,.6H,0) 

Phosphonis 0.1 Phosphate rock [Ca,(PO,),], organic matter 

Manganese 0.09 Oxide (pyrolusite) 

Carbon 0.08 Diamond, grahpite, coal 

Sulphur 0.06 Native, sulphides 

Barium 0.04 Sulphate (barytes), carbonate (witherite) 

Mi. 
SPHERE 
NATURAL GAS, WATER оте 


LIVING MATTER 


N 


SS 


INSOLUBLE OXIDES 


CARBONATES NOT FOUND 

AND SULPHATES |N ees ЕСЕР бар 
SOLUBLE sAL T: EE ELEMENTS y 
(Li, Be, Cs IN 1 | 
ALUMINOSILICATES) 


Fig. 2.1 Occurrence of the elements 
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Fig. 2.2 Crustal elemental abundance as a function of atomic numbr 


Our direct contact with the solid earth is limited to the crust, the 
thin skin avereging 10-50 km in thickness and making up less than one 
percent of the earth's total mass. The knowledge of the earth's interior 
has bee. collected and analyzed on the basis of indirect evidence col- 
lected from the study of the transmission of earthquake waves and ther- 
mal energy, the earth’s magnetism, its gravity and other geophysical 
effects. 

Rocks are the major portion of the earth’s crust. These rocks are 
mostly siliceous matter. About 95% of the earth’s curst consists of igne- 
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ous rocks. Rest of about 5% of the earth’s crust has undergone phy- 
sical, mechanical and chemical weathering processes, and thus, pro 
ucing about 90% of the mineral sources. The rocks of the earth’s 
crust are classed as igneous, metamorphic and sedimentary. The parent 
material of these rocks is ‘magma’ (rock mobile at high temperatures). 
(i) Igneous rocks: In the cooling of the earth, the intial gaseous 
matter condnsed to a liquid (molten matter). The molten matter(present 
well within the earth) is termed‘magam’. Magma is associated with con- 
siderable amounts of gases such as H,O, НСІ, CO, and Н,5. Pressure 
changes, within the body of the earth, make the molten matter move 
upward into the higher regions of the earth’s crust. In this movement, a 
major part of the magma solidifies before reaching the surface of the 
earth and the remaining part erupts through cracks in the surface of the 
earth in the form of lava (lava on cooling forms basalt rock). Thus, 
rocks (solidified magma) below the surface are called ‘Igneous rocks’. 
The chief products of these rocks are granite and basalt (contains quartz 
and ferromagnesium compounds). Minerals, such as felspar, mica and 
magnetite are also associated with these rocks. Ingeous rocks, generally 
formed in the absence of air, are chemically unstable at the earth’s 
surface and react with water, oxygen and CO, forming new minerals. 

(ii) Sedimentary rocks : These rocks are fomed when the constitu- 
ents of atmosphere and hydrosphere (frost, rain, water, etc:) react with 
earth’s crust. This is called the weathering process. The solid products, 
e.g., oceans, lakes, rivers, etc., and deposit as sediments. This process 

continues for centuries together, until the sediments accumulate at some 
place and become firm under pressure and form sedimentary rocks. 
Some of these rocks are also formed from the organic materials (trees, 
etc.) accumulated under earth. These are made of layers and are also 
termed laminated or stratified rocks. Several of the chemical changes 


which occur in the weathering process of the earth’s crust (igneous rock) 
are shown in Fig. 2.3. 


Nat Mn?* Fe?+ Сог+ Mg?+ GO INTO SOLUTION 
AND REMAIN THERE (OCEANS, ETC ) 


H,O 
Fe** OXIDIZES TO Fe? ——^ Fe (OH), 


(COLLOID) 
Mn?t-»- HYDRATED OXIDE ABSORBS РО? 
INSOLUBLE 
RESIDUES ҒеРОд 


(TiO Fe,O, and 50,)| |Ca?*and Mg?* ENTER INTO BIOLOGICAL PROCESSES 


Со?» TO FORM BONES Mg?* TO FORM CHLOROPHYLL 


HYDROLYSIS PRODUCTS ———» KAI Si 


о 
(5102— Ag3+, K+) Ба 


(COLLOIDS) 


Fig. 2.3 Weathering of an igneous rock. 
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Gii) Metamorphic rocks : Effects of temperature and pressure — 


convert igneous and sedimentary rocks into new types of rocks called 
metamorphic rocks. About 50% of the sedimentary rocks in the earth's crust 
is shale (slate), arock formed by hardening of clay and other small particles 
of quartz, falspar, etc. These shales have finely stratified-structures. Once 
formed, their composition remains unaltered under high pressures and 
temperatures. Marble is another example which has been formed from 
sedimentary rocks. Garnet, kaynite, sillimanite, etc., also constitute these 
rocks. 

The earth model that geologists use to explain the density (5.5 g/mL) 
suggests an inner core consisting of solid iron, although its temperature is 
very high, i.e., 2273K. The solid state has probably been maintained by vey 
high pressure, i.e., greater than 3 x 10° atm prevailing in that region. 
Surrouding the inner core is an outer core which contains molten iron and 
small quantities of lighter elements such as silicon, sulphur, nickel, etc. This 
region is being surrounded by mantle. this is the largest part of the earth 
which accounts for 80 percent of the volume and 67 percent of the mass. This 
is mainly composed of magnesium and iron-rich silicate minerals. 


According to V.M. Goldschmidt the earth consists of inner core 
covered by different layers to give it a characteristic shape. He also 
suggested that cooling of the gaseous matter resulted in major parting 
leading to segregation of different zones - a metallic core, an intemedi- 
ate sulphide layer - covered by a silicate crust which in turn is envel- 
oped by solid crust and finally by atmosphere (Fig. 2.4). The boundaries 
between the different regions of the earth’s interior are not very sharp, 
nor is the situation static. Over many millions of years - there is a 
shifting and heaving of layers. In the process, crust is affected to a large 
extent. The shifting and heaving of layers cause the continents to drift 
and push up the mountains ranges. 

The presence of the different layers and their geological conditions 
reveal the association of different materials with these layers. The com- 
position of the materials in these layers at different places is also differ- 
ent. The distribution of elements in the inner core (siderophil)ysulphide 
zone (chalcophil), siliciate crust (lithophil) and the atmosphere (atmo- 
phil) is quite different. The distribution of elements in the different 
zones is given in Table 2.3. The presence of one particular elements in 
different combined forms found in various parts of the solid phase of the 
earth explains the relative stabilities of the different materials. The pres- 
ence of one element in more than one layer reflects its easy accessibili- 
ties. 

Another view, about the composition of the earth, has been pro- 
posed by two Swiss scientists W.Kuhn and A.Rittmann. According to 
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d(g/cm9) 


4275 


2275 


Fig. 2.4. Regions of earth suggested by Goldschmidt. The earth's crust is 
outer layer averaging 10-50 km in thickness 


this the core of the earth constitutes solar material containing 30% 


hydrogen followed by molten silicates covered with magma layer and 
crust. 


TABLE 2.3 Distribution of elements in different layers 


Layer Composition 
1. Siderophil Fe, Mn, Co, Ni, Cu, Ru, Rh, Pd, Ag, Re, Os, Ir, Pt, Au 
(Innercore) 
2. Chalcophil P, S, Zn, Ga, Ge, As, Se, Cd, In, Sn, Sb, Te, Hg, TI, Pb, Bi 
(Outer core) 
3.  Lithophil Chlorides, sulphates and carbonates of 
(Silicate crust) Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, 
Silicates and oxides of 
Be, Al, Si, Y, La, Ac, Ti, Zr, Hf, Th, V, Nb, Ta, Cr, Mo W, U 
4.  Atmophil 


Е, Ci, Br, I, B, C, Si, N, О, He, Ne, Ar, Kr, Xe. 
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2.4 ELEMENTS IN BIOLOGY 

The importance of the elements for living systems has already been 
emphasized in Section 2.2. The list can further be extended by including the 
enrichment of iodine in sea weeds, vanadium in sea cucumbers and 
potassium in plant life. Zinc is found in the eyes of certain animals and 
magnesium in chloroplast. The chloroplasts have laso been found to have the 
traces of Fe, Mn and Cu. Plants have curious ability to remove certain 
materials from soil or water and to store them in their own tissues. The horse 
tail (equisetum) removes gold and silica from the soil, the locoweed takes 
up barium while certain weeds extract potassium and iodine from sea water. 
The association of a particular element with a particular biological function 
is yetto becracked. 

2.5 ELEMENTS IN SEAS 

Products carried by the stream of water fall into sea. These products 
are continuously being obtained from the weathering of rocks. These can be 
understood from the following reactions taking place in the seas and outside 
the seas. 

Igneous rock +Rain Water ———» Stream water + Detritus 

(Caaluminosilicate, (H,O+CO,) (Mg* ,Ca**,2K* (Clay +SiO,) 
+Н,504 2Na*, + HCO,) 

CaALSi,O, 

Potassium aluminosilicate, 

KAISi,Og 

Sodium aluinosilicate, 

(2NaAISi,Og) 

KaoliniteClayI + Seawater Clay IIl+H,O+CO, 

(Aluminosilicate) (2K*+2HCO,) Ilite 

CR t2HCO LM CaCO,+H,0+CO, 

This reaction has been possible by the curious ability of marine 
organisms to remove certin materials from water and to store them in their 
own tissues. Shells (CaCO,) are formed. The calcium carbonate form 
sediments. Under sea, volacanoesevolve HCl which reacts with HCO,. 

ОНОН НСО те 2CI +2Н,0+СО, 
and this reaction is followed by metamorphosis of clay forming aluminos- 
ilicates of Na, K,Ca from igneousrocks. 


Heat 
Clay + Interstitial water Igneous rock + HCl + 


aluminoailicate (Na*+ Cl ) pressure Sio, 
(Ма +С — —» NaCl 
The relative abundance of theelementsin sea water is shown in Fig. 2.5.Only 
a few elements, Cl, Br, I,Na, Mg, are recovered commercially from sea 
water. 
2.5. OCEANS - THE GREAT STORE HOUSE OF CHEMICALS 
The oceans that cover a large portion of earth’s surface have been 
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Fig. 2.5. The relative abundance of the elemnts in sea water. 


termed "the world's greatest mine". Rivers and volcanic eruptions 
contimuosuly keep adding minerals and metals to the mineral wealth of 
oceans. Part of this wealth in the ocean is present in dissolved state and 
some is lying as deposits onto the ocean floor. Sea water is a rich source 
of common salt, magnesium, sulphur, calcium, potassium, and bromine. 
Some other elements which are found in lesser quantities are, Sr, В, F, I, 
Fe, Cu, Pb, Zn, U, Ag, Au, Ra, and Ni. Our mineral depostis in the 
earth’s crust are being depleted at an ever increasingly rapid rate. So it 
is necessary to took to the oceans for future supplies of the metals which 
have been harnessing our modern way of life. 

The first mineral to be ‘mined’ from sea water was undoubtedly 
salt. Salt is a raw material for many chemical industries, especially the 
alkali and chlorine industries. Sea water is the leading source of bromine ` 
and magnesium. Processes are now in use by which these two elements 
are extracted from the sea water. Natural gas, oil, coal, sulphur, gold, 
and tin are amongst the important products extracted commercially from 
the seas. The sea-beds are richer in Ni, Cu and Zn than the sources 
available on the land. Sea weeds are the best source of iodine, alginic 
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acid, agar-agar and laminarin. Many other metals such as Au, CU, Ag, — 
K. and U can be extracted from sea water. But it is too expensive to 
extract these elements from the sea with our present techniques. 

The ocean is a potential source of uranium. It is likely to be our 
chief energy fuel when our fossil fuels are exhausted. Pure water is 
obtained from sea water by ‘flash distillation’, a technique of distillation 
at low pressure. But it is too expensive. Countries, like Kuwait and 
Saudi Arabia, who are facing the scarcity of water are getting their 
supply from sea water. Desalination of sea water is likely to assume im- 
portance in near future. Presently, there are more than 2000 desalination 
plants all over the world which are equipped with the principle of flash 
distillation, ion exchange or reverse osmosis. 

2.6 EXTRACTION OR METALLURGY OF METALS 

Metallurgy is the art or science of separating metals from their 
ores and preparing them for use by smelting,refining or their other proc- 
essing. Much of what is known about metallurgy was discovered centu- 
ries ago by hit and trial. Many of the early methods have been greatly 
improved and new methods have been discovered by scientific research. 

Extraction of the elements from their naturally occurring ores is 
one of the world's major industrial activities. The form in which an 
element occurs in nature depends on its chemical properties, and ther- 
fore, is related to its place in the periodic table. The naturally occurring 
material in which the elements are present in stable compounds is called 
mineral. Those minerlas from which metals are oxtracted profitably are 
called mineral ores or ores. Generally mineral ores are supposed to be 
present in abundance. Mineral ores may contain free metals or chemical 
compound of the metals. 

Thus, all the ores are minerals but all minerals cannot be ores. A 
mineral, e.g., galena (PbS) is always galena, but a mineralized rock con- 
taining galena may or may not be a lead ore. Both bauxite (ALO,. 
2Н,0) and clay (ALO,. 2510,. 2H,O) are minerals of aluminium. It is 
only bauxite which is generally employed for the commercial production 
of aluminium. Thus, bauxite is an ore and not clay of aluminium. Metals 
and their ores are usually associated with earthy materials such as rocks, 
clays and sand called matrix or gangue. For example, an ore of lead and 
zinc may contain the mineral galena (PbS) sphalerite (ZnS), pyrite 
(FeS), siderite (FeCO,) and quartz (SiO,). The galena and sphalerite are 
the ores and pyrite, siderite and quartz are the gangue or matrix. In 
Table 2.4 the minerals of some metals are listed. The minerals employed 
as ores are italicized. 
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TABLE 2.4 Metals and their minerals; minerals italicized are used as ores 


Metal 


Minerals with their chemical composition 
UT DERE ШЕ 


LU 


Lithium, Li 


Sodium, Na 


Magnesium, Mg 


Aluminium, Al 


Potassium, K 
Calcium Ca 
Titanium, Ti 


Chromium, Cr 


Manganese, Mn 


Iron, Fe 


Nickel, Ni 
Copper, Cu 


- Zinc,Zn 


Silver, Ag 


Tin, Sn 
Antimony, Sb 
Mercury, Hg 


- Lead,Pb 


Gold, Au 


Bismuth, Bi 


Spodumene, LiAl (SiO,),; Petalite, LIAI (SiO), 


Rock salt, NaCl; Chile saltpetre or Caliche, 

NaNO,; Borax, Na,B,O,. 10 H,O) 

Magnesite, MgCO,; Dolomite, MgCO,. Ca(CO,), 

Carnallite, MgCt,.KCI. 6H,0; Olivine, Mg,SiO,; Epsomite, 
MgSO,. 7H,O 

Bauxite, Al,O,. 2H,0; Cryolite, Na, AIF, 

Sylvite, KCl; Сагзаййе, KCI. МЕСІ, 6H,0; 

Onthoclase, K,O. ALO,. 6SiO,; Indian saltpetre, KNO, 


Limestone, iceland spar and marble, CaCO,; 

Dolomite, CaCO,. MgCO,; Gypsum, CaSO, 2H,0; 
TY 

Rutile, TiO ; Птепйе, FeO. TiO, 

Chromite or chrome iron, FeO. CrO; 


Chromo ochre, Cr,0,; Crocoisite, PbCrO, 


Pyrolusite, MnO,; Braunite, Mn,O, 


Manganite, Mn.Ó,. H,O; Hausmanite, Mn,O, 


Haematite, Fe,0,; Magnetite, Fe,O,; Siderite, FeCO, 


Pentlandite, (Ni, Cu, Fe)S; Kupfernickelor nicolite, NiAs 


Copper glance, Cu,S; Copper pyrites, CuFeS;; 
Cuprite, Cu JO; Malachite Cu(OH),. CuCO, 


Zinc blende, ZnS: Calamine, ZnCO,; Zincite, ZnO 

Horn silver or chlorargyrite, AgCl; Argentite or Silver 
glance, Ag,S; Pyrargyrite or ruby silver ore, Ag,SbS,; 

Native silver 

Tinstone or Cassiterite, SnO, 

Stibnite, Sb,S, 

Cinnabar, HgS 

Galena, PbS 

Native gold 


Bismuth glance, BiS; Bismite, Bio, 


Bismuthite (BiO) CO, 
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2.6.1 Metallurgical Processes 

To extract the metals from ores, several physical as well as chemi- 
cal processes are employed. The choice of the process depends upon the 
nature of the ore and the local conditions. 

The extraction of all metals from their natually occurring ores in- 
volves three stages. 

(i) Purification (separation from gangue), and concentration (or bene- 
fication or dressing of the ore) of the ores; its conversion into 
some form suitable for subsequent processes 

(ii) Conversion of the enriched ore into metal 
(iii) Purification (refining) of the metal 
The various stages involved in the extraction of metals starting 
from the concentration of ore to the present form of metal are outlined 


below :- 
Crushed and ground 
ore 

Washing, Froth flotation Removal of ganguc 
and other prcesses 

Increase of concentration of the 

desired ore 
Leaching Separation of other minerals 
Roasting Conversion of the metal or its 
Calcination combined form into its oxide 
Smelting Conversion of the oxide into metal 
Reduction Removal of other elements 
Chemical to obtain desired metal 
Electrolytic 
Electrorefining, Zone Removal of other elements 


melting, or other processes 


In the flow diagram above, the functions of different processes are given 
on the right side. On the left side, the various methods that are used are 
denoted. There are also other methods that are not listed here. 


2.6.2 Production of Concentrated Ore 
In mining operations, the desired mineral from which a metal is to 
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Physical methods include gravity separation and flotation proc- 
esses. In some cases, where the ore contains a magnetic constituent, thi 
characteristic can be employed in the concentration. Chemical methods 
are those of hydrometallurgy. This is the leaching of ores by aqueous 
Solution to extract the desired metal in the form of one of its soluble 
salts, 

Physical methods 

Ores are generally found mixed with varying amounts of dirt, rock 
sand and other impurities. Several Steps are usually necessary to remove 
this sludge, as it is called. Sometimes gross lumps of sludge are re- 
moved by hand (Pickling). The first stage constists of grading, pulveriz- 
ing and grinding of the ore into small pieces in crushers and grinders, 
This is followed by the concentration of the metal bearing parts. The na- 
ture of the process used for concentration depends upon the nature of 
impurities and ore. 

Magnetic material 
can be separated from 
non-magnetic impurities 
by using strong electro- 
Magnets (Fig. 2.6). This 
technique is used in the 
Separation of magnetic 
chromite (an ore of 
chromium),magnetite 
(Fe,O,) or pyrolusite 
(MnO,) from the gangue 
particles. A magnetic ore 
(wolframite, FeWO,) can 
also be separated from 
Fig 2, ; s the non-magnetic ore 

8 2.6 Magnetic concentration of ore. (cassiterite, SnO ,) by this 
€ density between the ore 


MOVING BELT Phy £ 


MAGNETIC 
ORE 


] 8g Stream of water is Pumped through the bottom. 
The lighter gangue Particles are carried away be the upward thrust of 
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Fig. 2.7 Separation of gangue particles 
from ore particles using the sloping table 
(The Wifley table) 


Fig. 2.8 Separation of gangue particles from 


ore particles using the hydraulic classfier. 


ing pine oil (frothing 
agent) and sodium ethyl 
xanthate (collecting 


disperses the oil into col- 
loid sized particles. As a 
result, the metal particles 
(but not the sludge par- 
ticles) stick to the oil 
droplets and rise to the 
surface in the form of 
froth supported by air 
bubbles. Water wets the 
gangue particles which 
sink to the bottom. This 
technique is useful for 
concentrating dense ores 


The separation can 
also be achieved by tak- 
ing the advantage of the 
difference in melting 
points of metal bearing 
portions and impurities, 
Ores having melting 
points lower than that of 
impurities are heated on 
the sloping floor of a fur- 


E ы nace (Fig. 2.12) to a tem- 
CONCENTRATED perature just above the 


ORE Г compressen AiR melting point of the 


RO Tieni ofthe sulphide ores by арр ее p 
соге, gangue. This method is 
called liquation. Stibnite (Sb,S,) is concentrated by this liquation 
method. The native ores of silver, gold, etc., are concentrated by amal- 
gamation. 
Chemical Methods 
Chemical properties of minerals make the basis of these methods. 
Leaching : In this process, the powdered ore is dissolved selectively by 
using an appropriate acid, base or othe reagents. It reacts only with ore. 
By this method the aluminium ore is concentrated. Bauxite, an ore of 
aluminium, contains hydrated oxides of Al, and Fe, silica, clay and 
TiO,. The ore is treated with hot sodium hydroxide solution. Because of 
the amphoteric nature of the aluminium ion (aluminium oxide is ampho- 
teric - soluble both in strong acids and Strong bases) the alumina is 
dissolved away as aluminates from the ore impurities while iron (Ее,О, 
а basic metallic oxide, insoluble in Strong bases) and other impurites 
remain undissolved and are filtered off. 


ALO,2H,O + 2NaOH 


2NaAIO, + 3H,0 


or ALO,(s) + 20H% 3HO —— ——,. 2[AY 4T), ]7 
(Soluble aluminate) 


[AKOH),]" (ag — AKOH)(s) + OH a—— AIO, + 2H,0 
2АҚОН) (к) 1470К АЦ,0,(5) + 3H,0(g) 
— 


This method of purification is known as Baeyer's process. 


4 "UE REERT э ÌO M 

Some Important Examples of Leaching 

1. Mg? ions present in sea water are precipitated as hydroxide with a 
slurry of Ca(OH),. 
Mg*(aq)+Ca(OH),(aq) 


Mg(OH),(s)+Ca*(aq) 


2. Тһе low grade carbonate and oxide ores of copper are leached with 
dilute H,SO,. Sulphide ores of copper are also treated with H,SO, 
in the presence of oxygen to produce CuSO,. 

CuO(s) + H,SO,(ag) ————® СиО, (ад) + Н,О@) 


3. The leaching of silver ores (sulphide or native) and native gold is 
carried out with sodium cyanide solution to produce stable com- 
plex ions with the cyanide ion. 

Ag,S(s) + 4NaCN(aq) ——> _ 2Na[Ag(CN),](aq)+Na,S(aq) 

AAg(s) + 8NaCN(aq)+0O,(g)+2H,O(1)—*4Na[Ag(CN),](aq)+4NaOH(aq) 

4Au(s) + 8NaCN(aq)+O,(g)+2H,O(1)—»4Na(Au(CN),)(aq)+4NaOH(aq) 


The presence of oxygen is necessary to onvert gold to the oxdized state. 


4. Sulphide ore containing Ni, Co and Cu is leached with aqueous 
ammonia under oxidizing conditions to form the metal ammine 
complexes. Some specific bacterial systems are known to remove 
preferentially some metals from the ores. These can be used to 
separate metals selectively in low concentration (Section 2.4). 


Calcination and Roasting 

Volatile impurities may be removed by heatng the ore strongly in 
the absence of air (calcination). On calcination, carbonates, hydroxides, 
oxides, etc., lose moisture, carbon dioxide and other volatile impurites. 


CuCO,. COH) (S) нен 2CuO (s) + H,O(g) + CO,(g) 


CaCO,. MgCO,(s) CaO(s) + MgO(s) + 2CO,(g) 
АО НОСУ ALO,(s) + 2H,O(g) 


Most suphide ores are generally heated in a stream of air (roasting) 
to convert them to oxides and to remove sulphur as sulphur dioxide. 


4FeS(s) + 110,(g) __— 2Fe,0,(s) + 8SO,(g) 
2PbS(s) + 30,(g) м ee 2PbO(s) + 2SO,(g) 
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2ZnS(s) + 30,(g) —————* 2ZnO(s) + 2SO,(g) 
2Cu,S(s) + 30,(g) ————»>- 2Cu,O(s) + 250) 


Sometimes oxidation is effected airectly to the sulphate, e.g., galena is 
converted to lead sulphate. Some roasting reactions are given below : 


PbS(s) + 20,00) ————> PbSO,(s) 


ZnS(s) + 20,(g) ————> ZnSO,(s) 


2.6.3 Production of the Metals 


The concentrated ore is either directly converted to a metal or to a 
compound which is suitable for reducing to the metal. This step depends 
upon the nature of impurities present and the metal bearing ore. 


(I) Wet Chemical Processes 


Leaching (treating the ore with SO! 


me chemical Substances) and 
metal displacement technique are 


the two wet processes. 


Leaching : This process has already been discussed under the con-. 
centration of the ores. This is also a method of purification, 
Copper sulphate, aluminium hydroxide and Magnesium hydrox- 


g the ores can be used as such or converted 
to free metals. 


Metal displacement method : Ores of silver and gold on leaching 
with cyanide solution give soluble complex salts, By adding zinc, 
both silver and gold can be precipitated from the aqueous solution. 


A soluble cyanide complex ofzinc is produced, 
2Na [Ag (CN),] (aq) + Zn(s) ——» Na,[Zn (CN),] (aq) + 2Ag (s) 


2K [Au (CN),] (aq) + Zn(s) —> K, [Zn (CN),] (aq) + 2Au (s) 


II. Dry Chemical Processes 

Metals in the middle of the activity series (such as zinc, iron, lead and 
copper) can be extracted from their oxides and sulphides in the fused state 
by using some reducing agents. Very often the sulphides are converted to 
oxides before reduction to the metal. This process of reduction is called 
smelting. 


Concentrated ores still contain some gangue at this stage and this is 
separated by adding flux. Flux is a compound which reacts with the gangue 
forming a compound which melts at low temperature. This compound is 
called slag (easily fuisble). Flux materials are used depending upon the acidic 
and basic character of oxides. Thus, reduction and slagging take place 
simultaneously. For the removal of acidic gangue (sand) a basic flux of 
limestone is added to form a fusible slag of calcium silicate (molten at the 
reduction temperature). The molten slag is easily removed from the used 
metal because of the difference in their densities. They are also insoluble 
in each other. 


SiO, (s) + СаО (s) — ce CHIT) 
(Acidic gangue, (Basic flux) (Slag) 
P.O, (D) * 3CaO (s) — ——» Са;(РО,) () 
(Acidic gangue) (Basic flux) (slag) 
MnO (s) 4 SiO, (s) — P» — MnSiO,) 
(Basic gangue) (Acidic flux) (Slag) 


The removal of impurities from concentrated ore by forming molten 
slag is called slagging operation.The slag consists of the molten impurities 
generally as metal silicate. 


The preferred method of reduction of an ore to the free metal is decided 
mainly by the relative ease of achieving the reaction. 


М" *(5) ог (aq) + пет —— M(s) 


Some methods used for reduction of ores are listed in Table 2.5 and 
summarized in Fig. 2.10. 


The basis of smelting (chemical reduction) is to remove oxygen of the 
metal oxides by treating them with carbon, carbon monoxide or another 
element for which oxygen has a stronger affinity and forms a more stable 
oxide. The electrons also serve as reducing agents to reduce metallic oxides 
to metals (electrolytic reduction). Molten oxides and halides are used in this 
type of reduction. The choice between the chemical and electrolytic 
reductions depends upon redox potentials. Metals with — large negative 
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potentials cannot be obtained from their ores by the chemical reduction 
method. Some metal oxides such 

as АО» are resistant towards chemical reducing agents; hence, the 
electrolytic method (Unit 14) is used. 


The methods fall into four-main groups. 

1. Reduction with carbon (also CO) or hydrogen. 

2. Thermal decomposition of an ore, without using any chemical reducing 
agent. 

3. | Reduction by a reactive metal (e.g.,Al or Mg) 

4. Electrolytic reduction of a molten oxide or salt. 

l. Reduction of the oxide by carbon : The calcined or roasted ore is 
heated with coke (or carbon) in a closed furnace (Unit 15) 


TABLE 2.5. Extraction of some elements 


Element E? (n) Chief source Extraction 


— 2.92 (+ 1) KCI: KCl. MgC1,6H,0) 
Na — 2.71 (+ 1) NaCl 
Ca — 2.87 (+ 2) CaSO 2H20; CaCO, | Electrolysis of fused salts 
CaCl, mixed with flux 
Mg — 2.36 (+ 2) Mg Cl); KCI. MgCl 
6H50 
Al — 1.66 (+ 3) ALO, Electrolysis of ALO, 
in Na, AIF, (Cryolite) 
Mn — 148 (+ 2) MnO, Reduction with Al 
Cr — 0.74 (+ 3) FeO. Cr, 
(Thermite process) 
Zn — 0.76 (+ 2) ZnS; ZnO 
s — 0.44 (+ 2) е0, Chemical reduction 
о — 0.28 (+ 2) CoAsS; C 0,8, with carbon (or hydrogen) 
Ni — 0.25 (+ 2) Sulphides 5 of oxides. First convert 
Sn — 0.14 (+ 2) SnO, sulphides to oxides 
Pb — 0.13 (+ 2) PbS by roasting. 
Cu + 0.34 (+ 2) CuFeS^; CuS 
Hg + 0.85 (+ 2) HgS 
Ag + 0.80 (+ 1) Metal; Ag;S; AgCI Cyanide extraction 
Au +17 Metal, tellurides (Leaching) 
CI * 136 (- 1) NaCl i 
El 
E e Kir, ectrolysis 


E", for reaction М" * пе 3 М (п 
given іп parenthesi 
Е?= Standard reduction potential at 298K к d 
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Heat 
ZnO(s) +C(s)—— Zn +CO(g) 
(Fused state) 
Heat 
Ре,О,(5) *3C()—* 2Fe +3CO(g) 


(Fused state) 
Reduction of the oxides by carbon monoxide :Carbon monoxide 


reduces iron ore contained in a blast furnace (Unit 15). 
Heat 


Fe,0,(s) | +3CO(g) ——» 2Fe+3CO,(g) 
(Molten) 


Gi.) 


2. Thermal decomposition of sulphide ores :This method is used to 
obtain copper from sulphide ore (Unit 15). A part of the sulphide ore 
is first converted to oxide by roasting in air. 


DISTILLATION 
FROM AIR 


FREE IN ELECTROLYSIS 
NATURE OF SALT 


ЕЕЕЕБЕ БЕН а 
See celos [Pt Jau Hned | | | 


NON-METALS, 
CHEMICAL 


7 


FREE IN NATURE 


ELECTROLYSIS OF 
OR IN COMPOUNDS 


MOLTEN SALTS 


(ESPECIALLY READILY DECOMPOSED| OXIDATION (Br 
OR 
CHLORIDES) TO METAL REDUCTION * 
ELECTROLYTIC SULPHIDES ROASTED TO 
OR CHEMICAL OXIDE AND REDUCED, 
REDUCTION USUALLY WITH CARBON 


Fig. 2.10 Extraction of the elements 


2Cu,S(s) + 30,(g)—> 2Cu,O(s) + 250/8) 
Now the heating is done іп the absence of air. The remaining sulphide 


ore reacts with oxide giving the metal and sulphur dioxide. 
А 6 Cu 
2Cu,0(8) + CuS @—Э Molten) + 5058) 


3. Reduction by a reactive metal (Aluminothermite process): Oxides 
of certain metals, which are not reduced by coke, e.g., are reduced using 


aluminium powder (Unit 15). 
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Cr,0,(s) + 2Al(s) — ALO,(s) + 2Cr 


(Molten) 
Ее,О,(5) + 2Al (s) — ALO, (s) + 2Fe 
(Molten) 
3MnO,(s) + 4Al (s) —> 2AL0,(s) + ЗМА 
(Molten) 


Titamium could be obtained from ТЇСЇ, by using magnesium metal. 


ТЇСЇ, (1) + 2Mg (s) 1073K, Tis) + 2Mg CL) 
ТІСІ, is obtained by converting rutile (TiO,) to liquid ТІСІ. 


4. Electrolytic reduction: This method is used to extract potassium, 
sodium, calcium, magnesium, and aluminium from their fused compounds 
(usually chlorides ; Unit 14). Chemical reduction of the oxides of these metals 
by coke (or carbon monoxide) is not practical as the temperature required 
for reduction is too high. Also, these metals cannot be extracted by 
electrolysis of their aqueous solutions since water present in the solution 
would be discharged at the cathode in preference to the metal ions. 


The fused salts are subjected to electrolysis in specially designed cells 
(Unit 14). The electrodes used in cells are usually inert. 

Electrolysis of molten sodium chloride gives, 

At the cathode : Nat + e —— —e Ма (s) 

At the anode : 2617  ———e СІ) + е 


The temperature necessary to produce molten NaCl is lowered by adding 
anyhdrous calcium chloride. Electrolysis of aqueous sodium chloride gives. 


At the cathode : 2H,O + ет — 20Н- + H(g) 
also Na'-6- —> Na(s) 
At the anode |: 2CI- — Ch(g)+2e- 


Aluminium is obtained industrially by the electrolysis of molten 
aluminium oxide in Hall’s cell (Unit 14) at 1200K. Since the melting 
temperature of ALO, (2325K) is so high that electrolysis of the molten 
oxide cannot be accomplished, pure ALO, is dissolved in molten cryolite 
which has much lower melting temperature than oxide. Calcium fluoride 
is also added to lower the temperature of the melt. 


It is postulated that the equilibrium 

ALO, == AP*4 AIO 

(Fused) 
gives rise to the electrode process. 
At the cathode : AP* + 3e- —> Al(s) 
At the anode : 4А105- —__ 2ALO, + 30, + 120^ 
a Also 46. Эне О, + 4е— 
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A part of oxygen escapes and the rest of it oxidizes the carbon anodes, 
which are slowly erroded. 
C+0 э CO, 
The aluminium obtained is of 99.546 purity. If necessary, it can further 
be purified by electrolytic refining process. 


Magnesium chloride is melted and subjected to electrolysis to give 
magnesium metal. 


At the cathode : Mg” + 26 —— М (5) 
At the anode : 2CI- =o С1 (g) + 


2.6.4 Purification of the Metals 


The metals obtained by the reduction of concentrated ores are associated 
with small amounts of unchanged ore, small amounts of other metals present 
in the ore, non-metals from the anionic part of the ore and some other 
impurities. For example, pig iron obtained from the blast furnace contains 
carbon, silicon, phosphorus, sulphur and manganese. The impurities are 
converted into their oxides and removed (oxidative refining)Generally, this 
method is employed when impurities can be oxidized more readily than the 
metal. 


This is carried out in specially designed apparatus called Bessemer 
converter. Some of the reactions involved in the process are as follows : 


2C + О, (g) —— —— 2СО(у) 

2CO (g)+ Si (s  ————» SiO, (s) + 2C (s) 
CO (g)+ Mn (s) ————» MnO (5)+ С (5) 
Fe,C (s)+ FeO () — ——» 4Fe(s) + СО (р) 
2Fe + (5) + О (g) ===» | 2FeO (s) 

2FeO (5) + Si (S  — —— 9 SiO, (s) + 2Fe (s) 
FeO (s)+ Mn (s) ә» Fe(s) + MnO (s) 
FeO (5) + 3iO, (sS)  — —— —* FeSiO, (Slag) 

Ми J(s)* SiO, (5)  — —— —» MnSiO,(Slag) 


Electrolytic refining. is another method which is widely used for 
purification purposes; Cu, Al, Ag, Pb, Co, etc. are electrolytically refined. 
Alarge block of impure metal from the reducing furnaces immersed in its 
salt solution serves as the anode. A thin sheet of pure metal is used as cathode. 
On passing current, the impure metal goes into solution as metallic ions and 
equal number of metallic ions are discharged and deposited as pure metal 
on the cathode. The impurities either are left as anode mud (or sludge) or 
remain in solution. 

For blister copper (impure copper) copper sulphate is used as the 
electrolyte. Impurities usually associated with copper are iron, zinc, sulphur 
and some other metals in traces. The electrode processes which take place 
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i ic refining (Fig. 2.11) of copper аге: 
3 ji D j : ile Cu* (aq) + Ze (At the anode) 
wi thode) 
2+ (aq) -2e- + ——> Cu (5) (At the ca um 
с refining of copper involves the principle of metal 


i nt reactions. SOURCE OF 
br icis du — DIRECT CURRENT 


ANODE 
eh >. CATHODE 

сү ci (Cu2* (aq) + 262» 
[Cu (s) 


PURE COPPER 


CuS% 
SOLUTION 
(ELECTROLYTE) 


MUD 
IMPURE COPPER PRODE 


(BLISTER COPPER) (Ag + Au) 
Fig. 2.11 Electrolytic refining. 
Impure copper is made anode. Си“ (аа), pure copper is deposited 


on cathode as copper 
ions are discharged 


Cu (s) —> Cu?^*(aq) + 2e7 Cu**(aq) + 2e—>Cu(s) 


Metals less active than 
copper, e.g., Ag and Au 
remain undissolved as 
‘anode mud’. 


Metals more active than 
copper, e.g., Fe and Zn 
remain in solution. 


Apart from these, there are a few more methods which are physical 
in nature. Volatile metals like mercury, zinc and cadmium are purified by 
distillation or sublimation.On heating, the volatile metals with low boiling 
points distill over leaving the less volatile impurities behind. 


There is another method called liquation.In this method, impure metals 
are generally heated just above the melting points of the metals in a sloping 
hearth (Fig. 2.12). A low melting metal flows down leaving behind melting 
impurities. Readily fusible metals - Sn, Pb, Si,etc.,are refined by this method. 

Zone refining method is employed to prepare metals in an extremely 


n" purity state, particularly germanium, silicon, boron and gallium for 
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the manufacture of sem- 
CHARGE iconductors and transis- 
IMPURITIES tors. This involves the 
SLOPING HEARTH removal of impurities by 
fractional crystalliza - 
tion. This technique is 
used for the removal of 
impurities which show a 
difference in their solu- 
bility in the molten and 
solid states of a matter 
with which they are 
associated. Generally the 
impurities are more sol- 
uble in the metal than 
Fig.2.12 Liquation method in the solid and concen- 
for purification of metals trate in the metal. 
An impure rod of the metal is melted at one end with a circular heater 
(Fig. 2.13). The heater is slowly moved down the rod. With the slow shift- 
ing of the heater pure metal crystallizes out of the metal and impurities pass 
into the adjacent molten band (zone). Thus, the melted band is moved very 
slowly along the length of the rod, carrying the impurities with it. The pro- 
cess can be repeated a number of times. Each time the purity is increased. 
Finally, the end of the rod where the impurities have concentrated is dis- 
carded. 


WASTE 


TUBE CONTAINING 
SAMPLE 


MOVING FURNACE 


YN 


N 

9 

т 
ЭУ ХАЖ? 
NA 


DIRECTION OF 


RECRYSTAL- MOVEMENT 


LIZATION 


NW 
YZ. 


PURIFIED 
SOLID 


Fig. 2.13 Zone refining. 


Vacuum arc furnace refining method was developed for the refining of 

refractory metals. In the purification of such metals, sufficiently high tem- 

peratures are required to melt the impure metals. At the same time,chem- 
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ical reactions involving the metals at high temperature are also prevented. 
Crude metal, moulded into an electrode,.is progressively melted in an arc 
furnace under vacuum. Volatile impurities vapourize off. Purified molten 
metal is transferred to precooled copper crucibles. Titanium, zirconium 
and molybdenum are purified by this newer technique. Further improve- 
ment has been made in this field. Energized electrons ejected from a heated 
tungsten filament are used to melt the metal. The metal (target) is bom- 
barded with electrons under high vacuum. 


Van Arkel method involves the thermal decomposition of a metal com- 
pound. This is employed for the purification of titanium, hafnium, zircon- 
ium, silicon, beryllium, etc. 


Transition metals form volatile carbonyl, with carbon monoxide, e.2.; 
Ni(CO),, Fe(CO),, Cr(CO),, etc. In the Mond's process impure nickel 
(spongy nickel) is heated with CO at 330 to 350K. Nickel produces nickel 
carbonyl, leaving impurities (Fe, Co, etc.) behind. 


Ni(s) + 4CO (g) 220330K Ni (CO),(g) 220-472 (5) + 4CO (g) 


Pure nickel is obtained by heating the vapour of Ni(CO), to 450-475K when 
it decomposes to give powdered nickel. 


A few less significant methods used for purification include, cupel- 
lation, Parke's process (distribution) and poling. 


In Table 2.6, impurities associated with various metals and methods 
employed for their removal are summarized. 
27 MINERAL WEALTH OF INDIA 


1. India is on the world map on the basis of its mineral wealth. Bihar 
and Orissa have huge deposits of minerals of iron, manganese, copper 
and chromium. Bihar alone has huge deposits of coal, and mica. Both 
coal and mica deposits are available in Orissa also. In both the states, 
phosphates are also available. Singhbhum (Bihar) is very well known 
for its copper deposits. 


2. Kamataka is well known for its Kolar gold mines. Apart from gold, 
minerals of iron and chromium are found in abundance. 


3. Madhya Pradesh too has enough reserves of iron and manganese ores. 


Deposits of limestone, bauxite and coal are also available in enor- 
mous quantity. 


4. Rajasthan is well known for its Khetri copper mines. The state is very 
rich in the minerals of non-ferrous metals like copper, lead and zinc. 
Mica and the mineral of beryllium are also available. 


Tamil Nadu has huge deposits of iron and manganese ores. Magne- 
site (mineral of Mg), mica, limestone and lignite (a variety of coal) 
deposits are also found in abundance. 
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TABLE 2.6 Impurities associated with metals and their removal 


Metal 


Impurities 


Method of refining 


Aluminium 


Titanium 
Chromium 
Manganese 
Iron 


Nickel 


Cobalt 
Copper 


Zinc: 

1. Extracted by 
smelting 

2. Extracted by 
electrolytic 
reduction of 
ZnSO, 


Silver 
Cadmium 


Tin 


Gold 


Mercury 


Copper, iron, silicon 
aluminium oxide, ec. 

Iron, etc. 

Tron, etc. 

Iron, etc. 

Carbon, silicon, phosphorus, 


aneen am mee 
manes amo RANA pope 


Cobalt, copper, iron 

platinum and other noble 
metals 

Nickel, copper and iron 
(a) Cuprous oxide 

(b) Iron, silver, gold, zinc 
and platinum metals 


Cadmium, iron, lead and 
arsenic 


Tron, lead, copper, cadmium, 
arsenic, ЄС. ,аге removed 
before extraction 

Lead 


Zinc 
Iron, arsenic, tungsten and 
sulphur 


Silver, copper, zinc, lead, 
etc. 


Zinc, lead, copper, tin, 
bismuth, eC. 


Silver, copper, iron, tin, 
antimony, bismuth, Etc. 


Electrolytic refining (Hoop's 
process) 

Electrolytic refining 
Electrolytic refining 

чарен С refining 
Oridaüve "nin oxides 
Tormed are removed as slag 


(distribution) and cupellation 
Fractional distillation 
(T) Liquation followed by 


poling 
T Electrolytic refining 
. Cupellation to remove 
only lead 
2. By dissolving impurities 
in H,SO, or HNO, 
3. Electrolytic refining 
Distillation in the presence 
of oxgyen followd by 
treatment with 5% HNO, to 
dissolve impurities as 
nitrates. It many further be 
purified by vacuum 
distillation. 
Oxidative refining followed 
by Parke's process or 
electrolytic refining. 


In India, at BALCO (Bharat Aluminium Company Ltd.) and in other 
industries bauxite is the chief source of aluminium. 


Zinc is mined chiefly as zinc blende from Zawar mines located near 


Udaipur in Rajasthan. 
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Iron deposits are found in West Bengal too apart from Bihar and Kar- 
nataka. Asansol, Durgapur, Jamshedpur, Bhillai, Bokaro, Rourkela and 
Bhadravati are the main iron producing centres. 

28 QUALITATIVE TESTS OF METALS 

A substance is analyzed to establish its qualitative or quantitative chem- 
ical composition. An analysis that yields informations only as to the iden- 
tity of ingredients is known as qualitative analysis. Qualitative analysis 
of inorganic substances is primarily concerned with the detection and iden- 
tification of the ions present in salts or-mixture of salts. The salts, on dis- 
solution «into. water, splits into positively charged ions called cations and 
negatively charged ions called anions. The cation is also known as basic 
radical and the anion as acid radical. 

The detection and identification of metals are important in the metal 
extraction and purification processes. The extraction and purification of 
metals involve a variety of chemical reactions. 

In qualitative analysis, various characteristic features of the chemical 
substances being analyzed are used for establshing its chemical composi- 
tion. For example, ammonia’ gas can easily be identified by its distinct 
smell and ammonium salts by the liberation of ammonia gas when the salts 
are heated with caustic soda. 

The physical properties of a salt, víz., colour. appearance, odour, etc. 
help in arriving at an inference regarding the salts as given in Table 2.7. 

Table 2.7 Physical properties of salts 


‘Physical property 
White colour 


Inference 


: Por AI", Zn”, Ca”, Ва?*, 
Sn^*, Mg”, or NH,-, salts 


Bluish or bluish green colour Cu”, or Ni” salts 


Green colour Cr” salts 

Light green colour à вен or Ni” salts! 
‘Yellowish brown col. Н Ее sal 

te pink Dr : Mi?" salt 

Pink or dark pink : Со? salt 

Smell of ammonia gas : NH, salt 

Smell of hydrogen sulphide gas : 52 salt 

Smell of sulphur dioxide gas : 8072,21, 
Deliquescent nature : CI- or NO; salt 


Further the colour of a salt indicates its constituents, e.g., copper car- 
bonate is green, copper sulphide is black, cadmium sulphide is yellow, ferric 
hydroxide is brown and manganese sulphate is pink. 


A substance on heating may sublime, decompose with evolution of gas 


or undergo certain other changes. Careful observation of the some conclu- 
sion (Table 2.8). 


y а“ 
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Some salts can be identified by (ле colour which they impart on heat- 
ing to the colourless flame of bunsen burner. Flame test can be done by 
taking wet salt (made wet with conc. НСІ) or by taking a dry salt, Sodium 
compounds turn the flame yellow; potassium salts violet: calcium salts brick 
red; barium and copper salts green and so on. 


TABLE 2.8 Action of heat on salts 
Observation Inference and chemistry 
1. Ammonium evolves, Ammonium salts decompose on heating to give 
detected by smell. ammonia, (NH,), CO, —» 2NH,*CO,* НО 
2. Carbon dioxide evolves, Carbonates decompose on heating to give carbon 


detected by allowing the gas dioxide, CaCO, + CaO + СО, 
to pass through lime wate?; Са (ОН),+ СО, — CaCO, + H,O 
Lime water tums milky. 


3. Sulphur dioxide evolves, Some sulphites and sulphates decompose to give sul- 
detected by a filter paper phur dioxide 
soaked in K,Cr,O, solution; 2С050, — 2CuO + 250, + O, 
paper tums green. Na,SO, > Na + SO, 
4. Nitrogen dioxide gas Nitrates decompose to give NO, 
evolves, detected by its 2Cu(NO,), > 2С00 + 4NO, + O, 


colour and irritating smell. 

Further to identify a salt, other substances (solids, solutions, etc.) called 
reagents are added to it. These reagents cause chemical transformations 
accompanied with the formation of new compounds possessing specific prop- 
erties: a definite physical state (precipitate, liquid, gas); solubility in water, 
acids, alkalis and other solvents; a characteristic colour, odour and so forth. 

The solubility of metal compounds in water, hydrochloric acid or an 
oxidizing acid is an important aspect of qualitative analysis. All cations have 
been divided into six analytical groups on the basis of the difference in sol- 
ubilities of their chlorides, sulphides, hydroxides, carbonates under differ- 
ent conditions of acidity and alkalinity. The reagent used to precipitate the 
specific group is known as a group reagent. 

TABLE 2.9 Solubility in water of some salts 


Salt Metals forming soluble Metals forming insoluble 
compounds compounds 
Nitrates Almost all the metals 
Chlorides Most of the mctals Ag’, Pb”, Hg’, 
Sulphides Na’, К? Mg". Саси Ca gat. 
" 


М, and almost all other metals 
depending upon the acidic and 
alkaline solution. 


Hydroxides Alkali and alkaline carth Almost all the remaining metals 
metals 
Carbonates Na’, K* Ba?*, Sr?*, РЬ?* Ca”, Ар? and 
many other metals 
Sulphates Very large number of metals Ba”, Pb”, Са?*, $12*, Ag’ 
Oxides Na’, К”, Ba?* Most of the other metals 


———————————————————————————————— 
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memetal oxides such as ALO,,SiO,,Cr,O,andsomesalts,e.¢, BaSO,, 
Agen PbSO,, etc., are quite ж In these cases, one has to heat them for 
long with fusion mixture (Na,CO, + in bring them into боп. 
The solubility of the salts depends upon the charge to size ratio of the metal 
ions and also on the lattice. Table 2.9 gives some idea regarding the sol- 
ubility of salts in water. 


You will learn in detail about the various aspects of qualitative anal- 
ysis in your practical classes. 


SELF ASSESEMENT QUESTIONS 


Multiple Choice questions 
21 Риба tick (~~) mark against the suitable choice: 
(i) Which of the following metals is extracted by smelting ? 
(a) sodium, (b) calcium, (c) copper, (d) aluminium 
Gi) ^ Which of the following minerals/ores is not an oxide ? 
(a) bauxite, (b) haematite, (c) cuprite, (d) calamine 
(iii) ^ Which of the following statements is wrong ? 
(a) Froth flotation method is employed for the concentration of ores. 
(b) Limestone functions as flux in the blast furnace. 
(c) Malachite is an ore of iron. 
(d) Iron immersed in copper sulphate solution is rapidly coated with copper. 
Gv) А blast furnace is used in the extraction of : 
(a) iron, (b) zinc, (c) aluminium, (d) calcium. 
(v) А substance used in metallurgy to remove rocky materials is called 
(a) slag, (b) flux, (c) oxidizing agent, (d) gangue 
(vi) Extraction of metals from sulphide ores is accomplished by 
(a) froth flotafion Process, (b) smelting process, 
(с) electrolytic reduction, (d) thermal decomposition, 
(vii) Тһе compound Which gives off Oxygen on moderate heating is (IIT 1986) 
(a) cupric oxide, (b) mercuric oxide, (c) zinc oxide, (d) aluminium oxide 
(viii) In the electrolysis of alumina, cryolite is added to 
(a) lower the metling point of aluminium. 
(b) increase the electrical conductivity (IIT 1986) 
(c) minimize the anode effect. 
(d) remove impurities. 
(ix) Which of the following alkali metals is the most abund: 
(а) lithium, (b) potassium. (c) rubidium, (d) caesium 
(x) Маас magnesium is obtained by 
(a) electrolysis of molten magnesium chloride. 
(b) reduction of MgO using coke as reducing agent. 
(c) displacement sf Magnesium by iron from magnesium sulphate solution, 
(d) none * 
(хї) ue composition of cryolite mineral is, 
a) Na,Al F; (b) O,. 2Н,0 (c) ALO. i 
Gi) — Aluntinium is not А rrr V RALIS, 
.... (a) felspar (b) fluorospar (c) cryolite (d) mica. 
(xiii) Industrially the most important mode of Occurren 
(a) oxides, (b) sulphides, (c) carbonate, (d) sulph: 
(xiv) Copper occurs in 


(a) native form (b) sulphide form (c) oxide form (d) native and combined form 
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Calcination refers to 

(a) heating of the ore strongly in the presence of air. 
(b) heating of the ore strongly in the absence of air. 
(c) heating of the ore in the presence of a metal. 

(d) purification of metals. 


Fill in the blanks in the followings : 
The processes involved in the production of a metal from its ores are collectively known 


The rocky material found with ores is known is ......... 
The process in which the lighter gangue particles are c washed away in a stream of water 
while the heavier minerals stay behind is known............. 

The method of removing volatile matter from ores is known as .... 
Roasting is a process in which............. 

In electrolytic refining, pure metal is deposited on the....... 
The element recovered from sea water on industrial scale is. 
Sulphide ores are, generally, concentrated by......process. 
The solid phase of the earth is called........... 

In extractive metallurgy of zinc, partial fusion of ZnO with coke is called ......and reduc- 
tion of the ore to the molten metal is called........... 

Match the statements given in column (B) against the terms in column (A). 


Column (A) Column (B) 

Tron (i) Extracted from bauxite 

Aluminium (и) Most abundant in earth’s crust 

Thermal decomposition (iii) Effective in the extraction of mercury 

Oxygen (iv) Electrolytic reduction is used. 

Lead (v) Remains associated with silver as an impurity 

Calamine (vi) Ore of mercury ў: 

Cinnabar (vii) Exists as carbonate in the earth’s crust. 

Calcination (viii) A method of purification 

Cupellation (ix) A method of converting ore to oxide 

Magnesium (x) Extraction is accomplished in a blast 
furnace. 


Which of the following statements are True (T) or False (F) ? 
Titanium is the most abundant element. 

Most of the metals occur in nature associated with electronegative elements. 
Rocks do not constitute the earth's crust. 

Sedimentary rocks are formed as a result of weathering processes 
Сагпе! тергезеп! igneous rocks. 

Calcination precedes smelting. 

Gangue is always a unusable mass. 

A mineral is a specific entity. 

Dressing of ore is not always required. 

Leaching is not an effective way of purifying ores. 

Ilmenite is a source of iron. 

Any mineral can be used for the extraction of a metal. 


SHORT ANSWER QUESTIONS 


25 
(а) 


(b) 


Name two naturally occurring substances with their chemical formulae for each of the 
metals : sodium, calcium, aluminium, iron, copper and zinc. 
Name three types of ores from which metals are extracted. 
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(c) 


(d) 


(e) 


2.1 


2.2 


23 


24 


Comment on the followings: 

1. In the extration of aluminium from bauxite, CaF, is also used. 

2. Sodium is not found in its native state. 

3. Some metals occur in the native state. 

4/Sodium is deposited at the cathode during electrolytic dissociation of molten sodium 
chloride. 

Name the ore and the process employed for the extraction of the following metals : 

(1) sodium, (ii) calcium, (iii) aluminium (iv) copper (v) zinc, and (vi) iron. 

Which of the two metals in each of the following reactions is more reactive ? 

(i) Fe,0, + 2Al > ALO, + 2Fe 

Gi) CuO + Mg > MgO + Cu 

(ii) Zn + CuSO, > ZnSO, + Cu 

(iv) Zn + Pb(CH,COO), > Zn (CH,COO), + Pb 

Which oharacteristic property of metals makes them more reactive ? 

Give a few properties of aluminium which make it industrially important. 

Where are the deposits of copper, iron, zinc and aluminium found in India ? 

For the reduction of the oxide to the metal suggest a reducing agent other than carbon 

and carbon monoxide. 

Name the metal that can be extracted from the following: 

(a) Malachite, (b) Azurite, (c) Calamine, (d) Dolomite, (e) Phosphorite, and (f) Haematite 


TERMINAL QUESTIONS 


Explain the followings : 

(а) Anyoreofametalcan be called mineral ? 

(b) Froth flotation process of. concentrating the ore is chiefly used for sulphides. 
(c) Antimony canbe obtained directly from its sulphide by treating it with iron. 
(d) Thermal decompostion of mercurous oxide gives mercury. 


In the smelting of oxide with carbon, explain the following observations made : 
(a) Carbon monoxideis aneffective reducing agent. 
(b) Carbon isnotused in the reduction of chromic oxide. 
Both carbon monoxide and water gasareused for reduction. 
(4) Carbon gets oxidized to both carbon monoxide and carbon dioxide. 
(e) Reduction are carried athigh temperatures. 


Which of the following elements would you expect to exist in the combined form, 
Which only in the native state and which, hardly at all ? Ag, Cr, Fr, Rn, Br, Mg, Hg 
and Ti. Give reasions for your findings. 


Comment on the followings : 
(a) Electrode potential of a metal is a measure for decidin 


g the method to be used for 
the extraction of that metal. 
(b) Іп the electrolytic refining and electrolytic reduction processes the fol lowing ob- 
servations aremade : 


(i) The cathode is made out of the pure sample of the metal to be purified. The 
electrolyte used is also the soluble salt of that metal. 

(Gi) Attimes, only anodes are dipped into molten metal saltoroxide. 

(iii) Iron and zinc ions from the solutions are not disch: 


arged at cathode along with 
copper. 
(a) x M s Pdroblem of high temperatures been solved in the electrolytic 
70 


2.6 


27 


2.8 


29 


2.10 


2.13 
2.14 


2.15 


2.16 


2.17 


(b) . Why do bothironand aluminium exist as oxides on the earth ? 
(c) Why do copper, lead, etc., existas sulphides in the earth's crust? 


(a) Titanium is about 100 times more abundant in the earth's crust than copper, yet 
copper is available in plenty as a metal. why? 

(b) Dissolution of the impurities in the molten metal help in getting the highly pure 
sample. Comment. 


(a) Write chemical equationsto represent the following processes : 
(i) Depostition of copperfrom an aqueous solution of Cu*, 
(ii) Roasting of malachite, Cu(OH),, CuCO,, and 
(iii) Reduction of Fe,O, using coke asa reducing agent. 
(b) Why should a metal as prevalent in nature as iron be so rarely found in a free 
state? 


(a) Namethree steps involved in isolating metals from theirores. 
(b) Name threetypes of compounds which are very common to many metallic ores. 


(a) Namesome uses of the slag produced in a metallurigcal operation - blast fumace. 

(b) name the term assigned to the elements along with the borderline between the true 
metals and thenon-metals. 

(c) Name the three parts of earth’s crust with their approximate compositions. 

(d) On roasting of an ore of a metal, generally, an oxide is obtained but cinnabar on 
roasting gives mercury metal. Explain 

Discuss the following terms : (a) Metallurgy, (b) Smelting, (c) Flux, (d) Slag, (е) 

Leaching, and (f) Oxidative refining. 


Usual methods of extraction are not employed for the extraction of groups 1 and 2, 
metals. Explain. 


What is ore dressing ? Discuss the various. methods used in ore dressing. 


Name the process in which both reduction and refining are accomplished in a single 
operation. Which metal is extracted by this process ? Give the details of this process 
used in the extraction of that metal. 


Mention the principles involved in the following processes : 
(a) Van Arkel method, (b) Mond's process, (c) Lavigation, (d) Zone refining, (е) 
Vacuum arc refining, and (f) Liquation 


Outline the procedure for removing impurities in the following cases : 
(a) Curprous sulphide left in the isolation of copper 

(b) Traces fof lead contained by silver metal 

(c) Silverand gold accompanying copper 

(d) Carbon presentin the pig iron 

(e) Cadmium present with zinc 

(f) Silicapresent in mercury 


State and explain the principles involved in the isolation of the following metals : (a) 
Magnesium from camallite, (b) Antimony from stibnite, (c) Aluminium from bauxite, 
(d) Chromium from chromite, (е) Silver from argentite, and (f) Mercury from 
cinnabar. 


Write explanatory notes on : (a) Froth flotation process, (b) Cyanide process, (c) 
Oxidative refining, and (d) Classification of rocks. 
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2.18 (а) State the meaning of slag, gangue and flux. Give the relationship between them 


2.19 


2.20 


2.1 


2.2 


2.3 
2.4 


2.5 


(d) (i) Rock salt or NaCl trom sea 


ith examples. ) 
(b) Nksie the pini methods used in refining of the metals. Substantiate your answer 
by taking one example foreach. 


State briefly the various processes employed in the isolation of metals from their ores. 
Illustrate your answer by taking two examples. 


What are the various forms in which elements are found in nature ? 
ANSWERS TO SELF ASSESSMENT QUESTIONS 


(ic, Gi) d i) с, Gv) a, (у), (vi) b, (vii) b (viii) a,b x) b, (а) a, (xi) a, (xii) b, (xiii) 
a, (xiv) d, (xv) b. 


ii ix, (iii i ing, (i Icination, (v) ore 
i) metallurgy, (ii) gangue or matrix, (iii) hydraulic washing, (iv) cal nation, 
Yara ДЫ of air (vi) cathode, (vii) sodium, (viii) froth flotation (ix) 
lithosphere (x) sintering, smelting. 


1. (x), 2. (i), 3. (ii), 4. Gi), 5. (у), 6.(vii), 7. (vi), 8. (ix), 9. (viii), 10. (iv) 
(a) F, ©) Т, (c) F, (d) Т, (е) T, (f, Т, (g) F, h) T, () T, G) F, k) F, ()F. 


(a) Sodium: Rcok salt from sea water, NaCl; Chile salt petre, NaNO,. 
Calcium : Limestone, СаСО,; Gypsum, CaSO,,2H,O 
Aluminium : Bauxite, ALO,.2H.O; Felspar, KAISi,0, 

Iron: Haematite, Fe,0,; Iron pyries, FeS, 
Copper : Copper pyrites, CuFeS,, Malachite CuCO,.Cu(OH), 
Zinc:Zincblende, ZnS; Calamine :ZnCO, 

(b) (i) Oxide, (ii) Sulphide, and (iii) Carbonate 

(c) 1. Calcium fluoride is used to lower down the melting point of alumina. It works 
asflux. 

2. Sodiumis a highly reactive susbstance, and hence, is not found in its native state. 
3. Metals like, Ag, Au, Pt, etc., are not reactive and, hence, they are found in the 
native state. 


4. Sodium chloride dissociates as follows : 


Fused 
Nat С) —— — —À9» Nate cr 


Sodium ions, because of their 


Positive charge, moye towards cathode and are Te- 
duced there. Finally they deposti on the cathode. 


Мача ыу отынды. үзү. 
(Discharged onthe cathode)  (Depositedonthe cathode) 


water; Electrolytic dissociation of molten sodium 
chloride or sodium hydroxide ; 


(ii) Calcium chloride from sea water; Electrolytic dissociation of a mixture of 
calcium chloride and calcium fluoride, 

(iii) Bauxite; Electrolytic dissociation 
cryolite (purified naturally occurrin 

(iv) Copper pyrites; Sulphide ore is c 


of a mixture of alumina 


(froin bauxite) and 
ig substance) 


r 3 rushed, concentrated and then roasted. The 
roasted ore is then smelted in the blast furnace. In smelting, roasted ore,i-€., oxide 
is reduced to metal. : 
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- 


(у) 


(vi) 
() @ 


© © 


(g) 


h) 
@ 


Zinc blende; Sulphide оге is crusned concentrated and then roasted. During 
roasting a samll amount of zinc sulphate is also formed along with oxide. The 
oxide is reduced with powdered coal in fire clay retorts (smelting) 

Haematite; Purified oxide is putto smelting in the blast furnace. 


Al, (ii) Mg. (iii) Zn, and (iv) Zn, Tendency to lose electrons. Greater the. 
tendency of the metal to lose electons the more reactive it is. 


Light metal, (ii) good conductor of heat and electricity, (iii) strong affinity for 
oxygen even at ordinary temperature, and (iv) corrosion resistant due to ALO, 
layer. 

Copper (as sulphide) : Singhbhum (Bihar) and Katni (Rajasthan) 

Iron (in naematite) : Singhbhum (Bihar), Orissa, West Bengal, Mysore 
(Kamataka) Zinc (as sulphide) : Udaipur (Rajasthan) 

Aluminium (in bauxide): Bihar, Orissa, Andhra Pradesh, Tamil Nadu. 


Aluminium powder 
(a) Copper, (b) Copper, (c) Zinc, (d) Calcium, (е) Calcium and (f) Iron. 
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UNIT - 3 


States of Matter 


— —it is my intention to make known some new properties in gases, the effects of 
which are regular, by showing that these substances combine amongst themselves in very simple 
proportions 


JOSEPH L. GAY-LUSSAC 


UNITPREVIEW 
3. Introduction 
32  Thegaseousstate 
3.2.1 Measurable properties of gases 
35 Behaviourofgases 
3.31  Boyle'slaw 
3.3.2 Charles'law 
3.3.3 Absolute scale of: temperature 
3.34 Gay-Lussac’s law 
3.3.5 Avogadro's hypothesis 
3.3.6 — Dalton's law of partial pressure 
3.4 Ideal gas equation 
3.5  STPandmolarvolume 
3.6 Kineticmolecular theory of gases 
3.6.1 Kineticgas equation 
3.62  Therelationbetween kincticenergy and absolute temperature 
3.63 Boyle's law from kinetic gas equation. 
3.64  Charles'law fromkinetic gasequation 
3.65  Avogadro'slaw from kinetic gas equation 
3.66 Graham's law of gaseous effu 
3.67 Dalton'slawof part 
37 Kinetic energy ofan ideal gas 
3.8 Calculation of molcularvelocities 
39 Ideal gases andreal gases 
3.9.1 Deviations of teal gases fromgas laws 
3.9.2 ^ Thecauses of deviation from ideal gas laws 
3.9.3  vandcrWaal's equation 
3.10  Thesolid state and its characteristics 
3.1 Thecrystal lattice (or space lattice) 
3.12. Types of solids 
3.13 X-Ray diffraction studies 
3.14 Crystal lattices (systems) and unit cells 
3.15 Packing of. constituent particles in Crystals 
3.16  Propertiesof. liquids 
Self assessment questions 
Terminal questions 


sion from kinetic gas equation 
ial pressures from kinetic Basequation 


Answersto selfassessment questions 


LEARNING OBJECTIVES 
Aftercompleting this unit you should be able to 


l. Explainthe working of a mercury barometer an open-end manometer. 
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Understand, for a fixed mass of a gas at constant temperature, volume changes with 
pressure or vice-versa. (Boyle's law) 

Calculate the volume change with tedmperature or vice-versa for a fixed amount of a gas 
at constant pressure (Charles’ law) 

Convert temperature on absolute scale from other scales of temperature measurement. 
Understand the relationship between pressure and temperature of a gas for its constant 
volume 

Calculate volume of a gas from number of molecules (or moles) of a gas (Avogadro's 
law). 

Calculate the total pressure exerted by a mixture of gases from the partial pressures of the 
gases present in the gaseous mixture (Dalton’s law of partial ressures) 

Use the ideal gas equation for calculating pressure, volume or temperature of a gas when 
the values of any other two variables are given. 

State the basic assumptions of the kinetic moleculartheory. 

Calculate the average kinetic energy of afixed quatity of a gas atacertain temdperature. 
Deduce the various gas laws with the help of kinetic moleculartheory. 

Calculate molecuarspecd of gas molecules. 

Explain why gases deviate from ideal behaviour- vander Waal's equation. 

Describe the common type of intermolecular forces and how these forces influence the 
physical properties of a substance. 

Understand the geometrical arrangement of simple crystals. 


Describe how crystal structures can be related to the close packing of spheres. 
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3.1 INTRODUCTION T um { 

The physical classification of matter divides it into three torms-solid, 
liquid and gas. The macroscopic examination of matter revealed that the 
three foms of matter have differentphysical properties. 


A comparison of the physical properties of three states are given in 
Table3.1. 


TABLE 3.1 Comparison of the physical properties of gases, liquids and solids 


Properties Gas Liquid Solid : 
Particle arrangement Widely separated Separated with Closely packed | 
small distance together q 

Shape Acquires shape Acquires shape Definite 
of the container shape of its own shape of its own 3 

Volume No volume of йз own Definite volume Definite volume | 

Diffusion Easy Slower than gases Very slow 1 

Compressibility Easy Difficult very difficult 

Density Low А High High 

Mixabilit: Readil 


Slower that gases Extremely slow 
32 THE GASEOUS STATE 


Historically gaseous state of matter was the first state which was 
studied in detail. Apart from the properties of gases given in Table 3.1, the 


matatas >_> af 
OO 9900009 


GASEOUS STATE 


LIQUID STATE 


Fig. 3.1 The three states of matter 
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SOLID STATE 


ÅÅ- 
gases were characterised by certain quantuative relationships between its 
mass, volume, density, temperature, pressure etc. Although it is very 
difficult to handle gases, it is quite important to know how to measure the 
properties. 


3.2.1 Measureable Properties of Gases 

In the study of gases, it is important to measure the mass, volume, 
temperatureand pressure ofa gas. 
(i) Mass : The mass of a gas contained ina vessel is very small. Though mass 
of a gas can be determined by weighing the container empty and then filling 
it with the gas. How to weigh an empty container ? You have vead that gases 
are collected either by displacement of water or air. In former case, mass of 
a gas can be determined by simple weighing. For the gases which are soluble 
in water, rubber balloons are used to find the mass of a given amount of the 
gas by difference weight method. In this methd, following observations are 
made: 


Mass of the empty balloon a g 

Mass of the balloon filled with gas=b g 

Massof gasin the balloon=(b-a) g 

The numberof moles of the gascan be related with its mass. 
Mass of the gas (M) 

Number ofmoles (№) = Molar mass ofthe gas (M) 


(ii) Volume : The volumeof a gas is the amount of space occupied by it. A 
gas fills completely any container in which it is kept. So the volume of the 
gas will betakenas the volume of the container. 

Gases are completely miscible. If two or more gases are mixed 
together in a container of fixed dimensions, the volume of the gas mixture 
is still equal to the volume of the container. The volume of. amixture of gases 
isindependentof the original volumes of individual gases. 

The SIunitof volume ism?. Thesmallerunitsare dm? andcm?. 

1m?=10?dm?=10%cm? 

However, it is quite often that volume is measured and expressed in 
litres or millilitres. ; 

llitre(1L)2 1 dm?z 10? n? 
. Imillilitre (ImL) = 1cm? = 10?dm? = 105 m? 


(iii) Temperature : Gases exhibit same properties of heat transfer as that of 
liquids for solids. A thermometer immersed ina gas, will register its tempera- 
ture. Mercury thermometers are generally used to measure temperature in 
the vicinity of room temperatures. Temperatures are generally represented _ 
on the three scales, viz., the Fahrenheit (°F), the Celsius (°C) and the Kelvin 
(K) scale. The SI unit of temperature is Kelvin. In all the temperature scales 
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the freezing and boiling temperatures of water at one atmosphere pressure 
are taken as standard (Fig 3.2). While the difference of the two pcints is 100° 
on the Celsius and the Kelvin scale, it is 180° on the Fahrenheit scale. The 
three temperature scales have the following correlation: 
К=%С+273.15=273.15+5(Е-32) 


9 
BOILING { | { 
POINT OF 371.15K 


212 F - 
WATER 100°C 
278.15K ос 32°F 

POINT OF 
WATER 
ABSOLUTE 
ZERO ok —273,15°C —459.67°Е 

KELVIN CELSIUS FAHRENHEIT 


Fig. 3.2 Comparison of temperature scale 
(iv) Pressure : Gas molecules are always in a state of motion. When they’ 
strike on the walls of the container, a definite force is exerted by the transfer е 
of momentum. The pressure exerted by a gas is equal to the force per unit 
area, 

Pressure is measured by the flow of mass that normally moves from 
regions of high pressure to low Pressure. Torricelli (1608-1647) developed 
mercury barometer which is used to measure the pressure of a gas. The 
mercury barometer consists of a long glass tube (76cm) closed at one end, 
which is filled with mercury and inverted in a vessel of mercury (Fig. 3.2). 
When tube is inverted, some of the mercury runs out of the tube. The height 
of mercury column which remains in the in verted tube is found.to be 
independent of length and cross-sectional area of the tube and the Shape and 


size of the vesscl containing the mercury. The height of the mercury column 
Seryesasthe measure of atmospheric pressure, x; 
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VACUUM 


h (mm) 


ATMOSPHERIC 
PRESSURE 


MERCURY 
SURFACE 


Fig. 3.3 The barometer 
Pressure is expressed as force per unit area. The force exerted by a 
mercury column of height, ‘h’, and of crossection area, A, will be proportionl 
tothe mass of mercury supported in thecolumn. 


Let the pressure be P, 


Force Mass х Acceleration (3.1) 
Tum z 
Arca Area 
or p= vi (3.2) 


where m is the mass of mercury in the tube and g is acceleration due to grav- 
ity. Masscan becorrelated with volumeand density as, 
Mass- Volume x density 

If A isthedensity of mercury and V isthe volume of mercury then, 

. p Vg (3.3) 
Я А 
But, inthe column V=AX А 
Hence, 

Р =P. hg * (34) 

Pressuré is generally expressed in atmosphere (atm). By international 

agreement, one atmosphere is the pressure exerted by a column of 76 cm of 
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mercury. It is the pressure due to atmosphere at sea level at 273K. The other 
units of pressure are mm of Hg or torr. The SI unit of pressure is pascal which 
is equal to the pressure exerted by one newton force when it acts on an area 
of one square metre. The equivalence of various units of pressure are, 


latm=760 mm of Hg=760torr=101.325kPa 

For approximate work, one atmosphere may be taken equal to 10? kPa or 105 
Pa. 

Manometer : The pressure of a gas іп a closed container is generally 
measured with the help of a manometer (Fig. 3.4). It essentially consists of 
a U-tube, one end of which is fitted which a stop-cock and the other end is 
kept open. The mercury is filled in the U-tube. The stop-cock end is 
connected to the container and the stop-cock is opened by noting the differ- 
ence of height of mercury level in U-tube, the pressure of the gas in the con- 
tainercan becalculated. 


TO CONTAINER 


| 


TO CONTAINER 


b$ i 


(a) (b) 


Fig. 3.4 Measuring pressure with a mercury manometer 
Let the atmospheric pressure be 760mm of Hg. 
When height of the column Open to the atmosphere is more (Fig. 3.3 (a)) the 
pressure of the gas will 760+h mm of Hg. If the height of mercury in the 
column open to the atmosphere is less (Fig. 3.3 b), then the pressure of the 
gasisless than the atmospheric pressure and isequalto760-/mmofH g. 


3.3 BEHAVIOUR OF GASES 
3.3.1 Boyle's Law 

Robert Boyle (1627-1691) was an 
the relationship between volume and 
constant temperature. Figure 3.5 illustra 
ofagas varies with changein its pressure. 


English scientist. He investigated 


on 


—ÀM—— Y 


^d }; V JU 


(a) (b) 


Fig. 3.5 (a) When the pressure decreases the volume increases, and (b) 
when the pressure increases the volume decreases. 


Robert Boyle experimented with the compressiblity of air using and 
apparatus shown in Fig. 3.6. Fixed quantity of a gas istaken inacylinder with 
movable piston and the pressure is read on the manometer by changing its 
volume. It is found that as the volume is reduced to 2/3rd the pressure 
increased 1.5 times. 

A generalization concerning therelation between volume and pressure 
of a given mass of a gas is known as Boyle's law. It states that the volume 
of a given mass of any gas at constant temperature varies inversely with 
pressure, i.e., 


V (3.5) 


=й. 

Р 
ог РҮ = constant (3.6) 
Ora V. zPy, given 


Boyle's law can be readily depicted graphically. Figure 3.7 represents 
the variation of the volume of a given amount of a gas with pressure when 


the temperature is kept constant. 

From the graphs it is clear that as the gas pressure increases the volume de- 

creasesin sucha way that the product of P and V remains constant (Fig. 3.8). 
The pressure-volume correlation under two differentscts of conditions 


fora fixed mass ofa gas at constant temperature may be writtcnas, 
PV,=P,V, (3.7) 
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Fig.3.6 Apparatus to illustrate Boyle's law 
Where Р, and P, are the pressures at which volume of the gas are V, and V, 
respectively. 


а Му 
ш 
= 
= 
o 
> 
PRESSURE (atm) С у 1P 


(amy ” 


Fig. 3.7 Graphical representation of Boyle's law 

The Boyle’s law expresses that the gases are compressible. When a 
fixed mass of a gas is under high external pressure, the molecules contained 
in the gas occupy less space i.e., the gases become denser under pressure, A 
direct consequence of this is seen in the atmosphere. At sea level, the air is 
dense while its density and pressure decreases as we go at high altitude. At 
Mount Everest, the pressure is aproximately half of that at the sea level. At 
high altitude, as the pressure is low, it causes altitude sickness (sluggish 
feeling, headache) due to decrease in oxygen intake. Mountain climbers and 
the soldiers guarding our frontiers in Ladakh undergo extensive training to 
adapt their bodies to the low oxygen pressure. In addition, they also carry 
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oxygen gas cylinders with them for an emergency. Similarly, the interiors 
of jet airplanes, space-craft etc. which normally fly at high altitudes, are 
specially maintained at normal pressure and are equipped with emergency 
oxygen supply incase pressure falls. 


26.0 
23.0 


20.0 


Р\(аїт. Litre) ————>> 


0 02 04 06 08 10 1.2 
Р (atm) —»9 


Fig. 3.8 Plot of PV vs P 

Exercise 3.1: А weather balloon has a volume of 175 L when filled with 
hydrogen at 1 atm pressure. Calculate the volume of the balloon when it rises 
to a height of 3000m where the atmospheric pressure is 0.75 atm. and 
temperature remainsconstant. 
Solution: Weknow,P V, = P 

latmx 175L=0.7S atm x V, 

V, = 175x1=233.3litres 

0.75 


Exercise 3.2 : A gas jar fitted with a piston contains 20 litres of nitrogen gas 
when the pressure is 1 atm. By applying additional pressure, the gas is 
compressed to 12.5 litres. How much amount of additional pressure is 


exerted on the piston? 
Solution: 
PV, EP, 
20x1 =P,x 12.5 
or 20 
Pair tne 
= 1.6 atm. 


Additional pressure - 1.6-1 = 0.6atm. 


3.3.2 Charles’ Law 
Gases expand when heated under constant pressure and contract 
when cooled. This can be easily observed with the help of a balloon filled 
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with air. When the balloon is placed in hot water, it expands while in ice, it 
contracts. The changes in the volume of a gas with temperature were 
carefully studied by Jacques Charles and in 1787 he gave a law known as 
Charles’ law. Charles’ law can be stated as: the volume of a fixed mass of 


а gasatconstant pressure is directly proportional to its temperature in Kelvin, 
ie. 


Ve T or T- constant: (3.8) 
ор ^ =, (3.9) 
Т, 1 
P3 
Po 
B 


<> 


т = 


Fig. 3.9 Charles’ law-plot of V (mL) vs. Т (К) at constant pressure Р 


(atm) 


All gases do not follow 
gas whichobeysboth Boyle’sla 


Joseph Gay-Lussac 
volume of a gas quantitati 


ofinitial volume p 
Experimental Observations revealed that 


84 


Vim = 1,366 (3.10) 

V, 

or 

Va = 1366V, (3.11) 
= V,+0.366V, (3.12) 


Here V „and V, are the volumes of the gasat 100°C and0°C, 

Ithas also been observed that the expansion of gas is uniform over the range 

of temperature. 

This means thatexpansion ofa gas per unit degree will be givenby 0.366 ху 
100 ° 


which is equal tol у, /Thas, foreach degree rise in temperature, the 


273 
volume ofa gas will increase 1/273 timeits volume at0°C. 
V,=V,(1+1/273) (3.13) 


Figure3.10 shows the variation in volume with temperature. 
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Fig. 3.10 Plot between volume and temperature at constant pressure 
3.3.3 Absolute Scale of Temperature 
Gay Lussac noted that the volume of a gas decreases by 1/273 times 
of its volume at 0°C with the decrease of 1°C in temperature. What will 
happen if we go on decreasing the temperature? The volume of gas will go 
on decreasing, is the obvious answer. If this happens, then the volume of a 
gas willbecomezeroat - 273°C. 
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Substituting -273 for tin equation (3.13), we have 
V, = V,(1-273/273) (3.14) 
= 0 

The temperature at which volume of an ideal gas becomes zero is known 
as absolute zero temperature. It is interesting to note that this is the lowest 
possible temperaure which can be attained.The study of cryogenic has made 
it possible to reach upto -272.63*C. Lord Kelvin (1848) proposed a tempera- 
ture scale taking this absolute zero as the reference. The temperature for one 
degree on the Celsius scale is equal to the one degree on the Kelvin scale. 
The temperature of Celsius scale can be easily convereted to Kelvin scale 
by adding 273 to Celsius scale reading, 

К = %С+273 (3.15) 

More precise determinations have revealed that absolute zero on Celsius 
scale should be at -273.15?. Using Kelvin scale, the variations in the volume 
of a definite mass of gas with temperature can be given by a mathematical 
expression, : 

Ve Т (3.16) 
Where T =t + 273, temperature on Kelvin scale and pressure is maintained 
constant. Theexpresionattwo differenttemperatures will be, 


Nov Ga? 
yu T 


1 2 
Though absolute scale of temperature is based on the concept that the 
volume ofa gas will be zero at OK but itis notpossible to attain OK in practice. 
All the gases condense to liquid and solid before this temperature is attained. 
However, concept of absolute zero is very useful in all scientific work. This 
Scaleisalsoknownasthermodynamic scale of temperature, 


Exercise 3.3: A sample of helium gas has a volume 500 cm3 at 1000C. 

Calculate the temperature at which the volume of gas will be 260 cm3. 
` Assume the pressure remains constant. 

Solution: According to Charles’ Law 


EE 

r T 
Given: V, = 500cm? 

T, = 273+100=373K 


V, = 260ст? 
T,=? 
Substituting the values. 
500 260 
373 T 
т T,= 260 
or T, S x 373 


= 1934K 


3.3.4 Gay-Lussac’s Law 

Gay-Lussac also studied the effect of temperature on the pressure of 
a gas when it has fixed volume and mass. He proposed that the pressure 
exerted by a given mass of a gas having fixed volume is directly proportional 
to absolute temperature. Mathematically, 


Pe T (3.18) 
or 

B, SERT. (3.19) 

T Т, 


Exercise 3.4 : A certain amount of gaswhen filled ina closed steel container 
exerts a pressure of 750 torr at 270C. Calculate the pressure when tempera- 
ture of the gasis raised to400K. 

Solution: Wehave, 


gen vy 

T. Т, 

Given,P, = 750torr,T = 273+27 = 300K 
Т,=400КР,=? 

Substituting the values, 

blige ed 

300 ~ 400 


or 
P, = 250x4 
= 1000torr. 


3.3.5 Avogadro's Hypothesis 

Amedeo Avogadro (1776-1856) was an Italian scientist. He too 
believed in the earlier hypothesis of equal number of particles in equal 
volumes of gases but he solved the difficulty by approaching the problem in 
another way and enunciated his famous law known as Avogadro’ slaw, i.e. : 

Equal volumes of all gases under similar condition of temperature 
and pressure, containequal number of molecules. 

The greatest importance of Avogadro’s law is that it gives a method 
of obtaining the relative weights of molecules. The weight of a gas sample 
is the number of molecules in the sample multiplied by the weight of each 
molecule, i.e., weight = number of molecules x weight of one molecule. If 
samples of hydrogen and oxygen having the same volume, temperature and 
pressureare weighed, the sample weights have the ratio, 

weightofhydrogen 
( weight of oxygen ) same V. T ^ 
numberof molecules ofhydrogen x weightofonehydrogen molecule (3.20) 


number of molecules of oxygen x weight of one oxygen molecule 
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But since the number of hydrogen molecules is the same as the number of 
oxygen molecules by Avogadro's hypothesis, the number terms cancel out 
and weare left with, 

( weightofhydrogen ) 
weightofoxygen — 'V,T,P 

N weight of one H, molecule (3.21) 

~ . weightofone O, molecule ў 
3.3.6  DaltonsLawof Partial Pressure 
Partial Pressure E 
Experiment 3:1: Take three 1L flasks A, B and C (Fig. 3.11) at 298 K. The 
flask, A, contains0.01 moleofnitrogen. The manometer shows that pressure 


0.01 mol No 0.005 mol. H5 0.01 mol No + 0.005 mol H3 
IN ONE LITRE IN ONE LITRE IN ONE LITRE 
tis 298 K t=298 K t=298 K 


is 80 mm Hg. The flask B contains 0.005 
this flask is 40 mm Hg.The third fl 


120 mm Hg = 80 mm Hg + 40 mm Н 
The pressure exerted 

partial pressure of that gas. 
The partial pressure of a gas is the pressure that the gas would exert 
ifitwere alonein the container. In the above experiment. 
of nitrogen and hydrogen are 80mm Hgand40mm Hg, 


John Dalton stated law of partial pressures in 1 80 


by an individual gas in the mixture is called the 


„the partial pressures 
respectively. 


Bases exerting partial 
P,exertedby the mixt 


P=p,+p,+p, (3.22) 
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3.4 IDEAL GAS EQUATION 

The laws of Boyle and Charles can be combined to obtain a more 
general law for the behaviour of gases. Let P,, V, T, and P,, V,,and T, be 
the pressure, volume and temperature in states 1 and 2 respectively of any 
definite quantity ofagas. Thiscanbe achieved intwosteps: 


Step 1: At constant temperature T,, when the pressure P, is changed 
toP,,, the volume V, changesto V,. According toBoyle’slaw: 


PV, =PVy (3.23) 
a V MR РМ. (3.24) 


2 
Step 2: Atconstant pressure P,, when the temperature T, is changed to 


T, the volume V,changestoV,. According to Chailes’ law: 


Vx V; 
T, = Т, (3.25) 
E D 
or EZ a (3.26) 
From equations3.24 and 3.26 
PN. TM; (3.27) 
Р, 1; 
РУ PV 
or ~ = += constant,k 
T, T, 
Ingeneral PV к (3.28) 
T 


Thus, for a given amount of a gas PV/T is constant. The numerical 
value of k depends on the amount of the gas but is independent ofthe nature 
of the gas. For one mole of a gas, the constant is referred to as the molar gas 


constantand is denoted by R. 


Therefore foronemoleofagas PV = R (3.29) 
T, 
whereR is knownasthe gasconstant. Forn moles, equation (3.29) becomes 
PV = nRT (3.30) 


This is called the ideal gas law. Numerical value of R depends on the units 
used for P, T, V and n. If volume is expressed in litres, pressure in 
atmospheres, temperature in Kelvin and nas the number of moles, then the 
unitofR willbe, А 
К = РУ = atmlitre 
nT _ mole Kelvin 
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Equation 3.52 shows that the velocity of molecules of a gas depends only on 
its temperature besides its nature. 

The equations (3.50), (3.51) and (3.52) or (3.53) are the working for- 
mulae for computing the velocities of gases. The choice of the equation will 
depend on the data given in a particular problem. This is illustrated by the 
following examples: 

Exercise 3.12 : Caiculate the root mean Square velcity and average velocity 
of hydrogen moleculesat STP 

Here P= 1 atm=76X 13.6Х981 dynes/cm? 

У = 22400 Mol M = 2016 g 

Fromequation(3.50)C = \(3VP/M 

C "| 3 X 76X 13.6 X 981 X 22400 
2.016 
RootMean Square Velocity = 183840 cms"! 
Average Velocity 20.921 Xrms velocity 
4. U= 0.921 X 183840 = 169320cms ! 


Exercise 3.13 : Calculate the root means square velocity ofoxygen molcules 
at 150C. 


From equation (3.53)С = 1.58X 10- cm/sec 


HereT=273+15=288K 
M=32g 
Substituting the values we have 
C 21.58 X 10N28832cms"! 
=1.58 X 10* x 
-158X10*x3 - 
74.74 X l0* cms! 


only approximately by the real gases. 


As the pressure is increased or the tempererature is decreased, marked 
deviations from the laws become evident. It is clear that t 


which the equation PV = nRT holds good accurately. No su 


atm litre per degree Kelvin per mole. 
There are other ways also of expressing the unitof R. 
Now the value of can becalculated from the fact that 1 mole of every 
gasat STPoccupies a volume of 22.4 litres. 
R = 1x22.4- 0.0821 atm litre per mole per degree kelvin (3.31) 


273.15 


3.5 STP AND MOLAR VOLUME 
Standard temperature and pressure is abbreviated as STP. What 

volume does 1 mole of a gas occupy at STP ? This can be casily calculated 
by substituting the values of. P,TnandR inequation 3.30, 

Р=1.00ат T=273K 

nz1.00mol 

R=0.0821 litre atm K mol* 
in the relation V7 nRT,. Weget 


P 
У 21x0.0821x273 
1 


=22.4 litres 
Thus, 1 mole of an ideal gas will occupy a volume of 22.4 litres at STP. The 
value 22.4 litres per mole is called the molar volume of a gas and is valid at 


STP 


Exercise 3.5 : A sample of nitrogen gas occupies a volume of 1.0001. ata 
pressure of 0.5000 atm at 40°C. Calculate the pressure if the gas is 
compressed to 0.225 cm? at-6°C. 
Solution : Weare given 

Р,=0.5000ат 

V,=1L=1000cm* 

T,=40°=40+273.15=313.15K 

P.,- Tobedetermined 

V,=0.225 ст? 

T,--6 С 2273.15 + (6) 
2267.15K 

Using combined gaslaw, i.e., 


EM = IAS 


Т, Т, 
Ру ta Es | 
ES. 


2 
Substituting the values, we get 
P,=0.5000atm x 1000cm?x 267.15K 


313.15K x .0225ст? 
Р,= 1.896 x 10° atm 
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Exercise 3.6 : A gas occupies a volume of 3.60 dm? at 298K and 2.49 atm. 
How many moles of gas are presentinthe sample? 
Solution: V=3.60dm*;T=298K 
P=2.49 atm; n=? 
R=0.0821 litre atm К! mol” 
Using ideal gaslaw, 
PV=nRT 
n=PV= 249x3.60 1 
RT 0.0821х298 
= 0.366 mol 


Exercise 3.7 : Consider 325 litres sample of a gas at 298K and 750 mm 


of Hg. If the volume is changed to 315 litres and the pressure to 760 mm of 
Hg, whatis the final temperature of the gas ? 


Solution: Р, =750тт, Р,-=760 тт 
V,=325 litres V,=315 litres 
T,=298K 1559 
According to the gaslaw, 
BY, = BV, 
T, T, 
Substituting: 750х325 = 760x315 
298 T 
де One 760x315x298 
750 x 325 
- 293K 


Exercise 3.8 : Whatis the volume occupied by 3.55g of chlorine gas at 50°C 
and 740mm Hg? 


Solution: Weknow PV = nRT 
or V= nRT 
P 
Substituting the values 
V(litre) 23.55 mol x 0,0821 L atm mol" K-! x323.15K 
7] 
740atm 
760 
=1.36L 
Exercise 3.9 : What is the molecular mass of a gas if 1.80g of it Occupies a 
volume of 1.51L at298K and 740mm Hg? 
Solution: оша не x 15 
pu atm 
"mmHg = Jam 
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MolecularmasscoeM ^ -— UB o---— _ EE 
T-298K;R-0.0821Latm mol К" 
Weknow PV= nRT2 m RT 
or M = m RT 
PV 


Substituting the values 
MW = 1.81gx0.821 L atm mol? K? x298K 


740 atm x 1.51 L 
760 


230.1 gmol" 
Exercise 3.10 : (i) What is the pressure exerted by a mixture of 1.1g Н, and 
8.070, whenconfined toavolumeof2.0Lat27°C? 
(ii) Calculate the partial pressure of H, inthe gaseous mixture 


Solution: "total = 1.1gH,x1mol H,+8.0g0,x1 molO, 
2.0gH, 32.050, 
= 0.55 mol 0.25 mol 
=0.80mol 
Weknow PV=nRT 
orP - nRT 
V 
Substitutingthe values 
.. 0.80molx 0.0821 Latm mol? К! x300K 
К 2L 


=9.8%аіт Р 
Py = My Х total 


Hy 
"total 


= 0.55mol x9.85 atm 
0.80 mol 
= 6.77аіт 


3.6 KINETIC MOLECULAR THEORY OF GASES 
All the gas laws describing the behaviour of gases were arrived at by 

experiments. The kinetic theory of gases on the other hand tries to explain 

the behaviour of gases by theoretical means in terms of certain assumptions 
given below: 

The followingare the basic assumptions of the kinetic molecular theory: 

1. А gas consists of a large number of tiny particles called molecules. 
Molecules of a gas are thought to be of the same size and mass but to 
differ from gas to gas. 

2. The molecules are solid, spherical in shape and perfectly elastic. 
Therefore, there is no loss of kinetic energy when themoleculescollide 
among themselves or with the walls of the container. 
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all the possible directions with a!l the possible speeds. There is no 
preferential direction for their motion. They move ina straight line till 
they collide with each other or with the walls of the container, then only 
the direction of their motion is changed. Atany particular time differ- 
ent molecules in a gas have different speeds. This speed of molecules 
keeps on changing because of collision among themselves. However, 
ata particular temperature this distribution of speeds remains constant, 
Figure 313showsthe distribution of velocities at two different temperatures. 
These curvesareknownas Max well- Boltzmann distribution curves. 
Figure 3.14 gives the percentage of molecules having a particular velocity 
ataconstanttemperature. 


Fig. 3.12 Kinetic molecular model 


Lower temperature 


IN ` Higher 
EY lemperature 


Fraction of molecules —» 


Kinetic. enemy — s 


Fig 3.13 Molecular speed distribution at two temperatures 
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4. . [REC Pressure CXCILCU Uy d gas I5 Wie iun UI UTC UU Ou urne we 
container wallsby the molecules. 

5. The molecules are sosmall that their volume is negligible as compared 
to the total volume of the gas. Thus the gas occupies the total space 
available to it. 

6.  Thereisnoforceofattractionamong the molecules ofa gas. 

7. | Themotionofthese moleculesis noteffected by gravitational force. 

8. The average kinetic energy of the gas molecules is propotional to the 
temperature of the gas. 


MOLECULES, % 


0 500 1000 1500 2000) 2500 3000 3500 4000 4500 
SPEED, Ws — 


Fig. 3.14 A distribution of molecular speeds 


3.6.1 Kinetic Gas Equation 
Itis being assumed that the pressure exerted by a gas is due to the col 
lision of its particles with the walls of the container and as there is no pref- 
erential direction to this motion. The gas molecules would collide with all 
the walls of the container with the same ease and hence would exert uniform 
pressure in all the directions. 
Letn be the number of molecules, each having a mass, m, moving with a root 
mean square velocity, C, exert a pressure P, when enclosed in a container 
of volume V. The pressure of the gas can be calculated and an equation is 
obtained. This equation 3.32 is knownas thekinctic gas equation 
PV=1mnC? (3.32) 
3 
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7v Lue OLEH yi УЁГУ ЕНГ Average Kinetic Energy And Absolute 
Temperature 
The Kinetic gas equation is 
PV = 1тпС?=2 х 1 mC 
3 yee 
In one mole of any gas, the number of molecules = N (The Avogadro's 
Number) 


Forone mole ofa gas 
PV=2 х 1 mnC*=2N x 1тС? (3.33) 
ЗҮ E ЗЕ 
Also, for one mole ofa gas, the ideal gas equation PV — nRT becomes 
(3.34) 
PV=RT (3.35) 
From equation (3.26) and (3.27) 
RT = 2NxlmC (3.36) 
СЫ Ж 


Моу/ mC? represents the average kinetic energy of one molecule : 
(ke), 
Therefore, T= 2 Nx(ke)av (3.37) 
зк 
Неге N апа К are constants 
Therefore, from equation (3.37) 
T=Aconstantx (ke) av 


or the temperature of a gas is proportional to the average kinetic energy of 
its molecules. у 


3.6.3 Boyle’s Law From The Kinetic Gas Equation 
The kinetic equation may be rearranged as 
PV = 1mnC*=2n x 1mC? 
3 qM Í 
Examining the right hand side of the equation we find У; isa 
constant, n, the number of molecules in a fixed quantity ofa gas isalso 
constant and % mC, the average kinetic energy of one.molecule at a 
fixed temperature too is constant. (Why ? Because mC? is propor- 
tional to temperature,T.). 
Hence for a fixed mass of a gas at constant temperatre, the right 
hand side of the equation is a product of three constants, viz. ?/, , nand 
Упс? 
The product of the three constants will also be a constant. 
PV=aconstant. 
Thus, when the gas mass and its temperature have a fixed value, 
P sc l which is Boyle's law. 
LU н 
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3.6.4 Charles-Gay Lussac Law From Kinetic uas rajuauun- == 
According to kinetic gas equation 
PV = imnC = 2nx 1mC 
3 3 2 
For a fixed quantity of a gas л is a constant 
(ke),, = 1 mC’, is proportional to T 
2 


or _1mC?=AT (where A is constant ) 
2 


Substituting the values in the kinetic gas equation we get 


PV = 2nAT 
3 
Thus, for a fixed mass of a gas (constant = 2 nA) 


3 
PV =aconstant x T 
Thus, in a fixed mass of a gas, 
V oc T (when pressure is kept constant) 
This is a mathtematical form of Charles law. Also Рос T (when volume of 
agivenmassofagasiskeptconstant) is Gay Lussaclaw. 


3.6.5 Avogadro's Law From Kinetic Gas Equation 
For two different gases, the kinetic equations may be written as 
Py, zimaC; 
3 


=2n, Xx Lim,C? (For gas I)... (3.38) 
3 2 
andP,V, = 1m,n,C,? 
3 


=2п,х1т,С2 (For gas ПП).......(3.39) 
3 2 

If P,=P,,and V, = V; 

in such a case from the equations (3.38) and (3.39) we get 

2njxl1mCj =2n,x Lm, Суын (3.40) 

3 2 3 2 

When the two gases are at the same temperature the average kinetic energy 
ofonemolecule of gas I average kinetic energy of one molecule of gas II 


o 1тС2 = limC?.— (3.41) 
2 2 

Dividing equation (3.40) by equation (3.41) 
2n = 2n. (3.42) or п,=п,............... (3.43) 
3 3 


Thus at the same temperature and pressure equal volumes of the gases 
IandII (any two gases) contain equal numbersof molcules. 
Thisisinaccordance with Avogadro'slaw. 
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3.6.6 Graham's Law Of Gaseous Effusion From Kinetic Gas Equa- 


tion 


Atthe same temperature, the average molecular kinetic energies of all 


the gasesare thesame. Fortwo different gases, therefore, 


or 


_1m,C? = imCj.-At(whereAisaconstant) 
2 


Since the rates of effusion r, and r, of the gases at a fixed temperature 


and under same pressure gradient are directly proportional to the average 
velocities which, in turn, are proportional to root mean square velocities of 


their molecules, 
г = Сует (3.45) 
YEN Os 
From (3.44)and (3.45) wehave 


But 


Molecular massofGasIl = Vapourdensity of gas II 
MolecularmassofGasI = Vapourdensity of gasI 


T 


This is Graham's law of effusion. 


3.6,7 Dalton’s Law of Partial Pressures 


Fora gaseous mixture of many gases, the total kinetic energy is 
(KE), + (K.E), К.Б), + ien Жана. (3.46) 
Forany gas, according to the kinetic equation 
PV = imnC 

3 


= ARLE 
= 2х5 
3 
(KE) = 3 PV 
zi 
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-——- — ж. —a dnd 
In general,Kineticenergy-3 х pressure of the X its volume. Since 
2 


all the gases in the mixture are in the same vessel having volume, V, 
substituting 3 PV, for (K.E) ‘sof various gases is equation (3.46). 
2 


(K.E.)total 23 P,V43P,V+3P,V 
Do ER 


- Me 3o *3 PV iere (3.47) 
2 
Where P,, Р„Р,.............. are the partial pressures of individual gases. 


(KE) „= 3РшХУ..........(3.48) 
2 


From equation (3.47) and equation (3.48) we have 
3P aX VESP + 3PV + ЗР, + 3P,V 
2 2 2 2i iy 2 

or P ga Р,+Р;+Р,.......... UN eT + (Р) 

which isa mathmatical form of Dalton’s law of partial pressurs. 

From the above discussion it is seen that the fundamental kinetic 
equation can be used as the basis for deriving all the gas laws. The gas laws 
are nothing but statements of facts about the gases. It is, therefore, clear that 
the kinetic theory of gases can explain the experimentally observed facts 
about gases. Broadly speaking thetheory seemsto be quite sound. 

3.7 KINETIC ENERGY OF AN IDEAL GAS 

Energy by virtue of motion of a body iscalled the kinetic energy ofthe 
body. The molecules in a gas are in constant motion. The kinetic energy of 
a gas as a whole can be obtained by adding together the kinetic energies of 
itsmolecules. According to kinetic gas equation. 


PV=1mnC? 
3 

and according to ideal gas equation 

PV=nRT 5 
Grouping above equations, we get 

] mnC* = nRT 

3 

2 = 
or i X ame x? nRT 
Since _1mC?=(K.E)av (By definition) 
2 


n=numberof molculesin the gas 
_1mC? Xn=(KE,) total. 
2 


ee — 8 83E* та ЖЭ Алла: А, ийбе 
From above equations 
2 x (total kinetic energy) = nRT 
3 
Therefore, total Kinetic energy forn moles ofanideal gas 
z3nRT........ (3.49) 
2 


For one mole (K.E) total = 3 RT 
2 
Exercise 3.11 Assuming methane to be an ideal gas calculate the average 
kineticenergy oftwo moles of methaneat 127°C. 
Here n = 2 moles R = 8.314, joules (deg. Kelvin) `! mol ` 
T212742732400*K. 
Substituting the values in the equation (3.49) we get 
К.Е. = 3x2 x 8314 X 400 
2 


= 9976.8 joules 
3.8 CALCULATIONS OF MOLECULAR VELOCITIES 
From thekinetic gas equation 
PV ТЕ mn 
3 


Inone moleofany gasn=N, the Avogadro’s number 
For one mole ofa gas 
РУ = 1mNC? 
3 
= 1MC 
3 


i Where M = mN, the gram molecular mass and V is the volume per 
mole. 


or C = 3PV 
M 


ок. Che КРИ T (3.50) 
М 


Since М =d, the density of the gas 
V 


Therefore, C? = | 3P 
Т КЕЛЕЫ ы (3.51) 


Also since for one mole of а gas 
PV=RT 


Equation (3.50) can be written as 
C= per ey a 3.52 
M. Ca 


= 2268 SUA xT= 1.585 10" JI/MCms?.......(3.53) 


> * 


real gases deuiate from ideal behaviour. 
3.9.1 Deviations Of Real Gases From Gas Laws 

(i) Deviations from Boyle's law : According to Boyle’s law, the product of 
pressure and volume for a given mass of a gas, at a constant temperature 
should remain constant. In the Table 3-2 the actual values of PV for 
hydrogen, nitorgen and carbon dioxide are given. It is seen from this table 
that the PV values vary quite significantly. Itisalso seen from the table - 

(i) that values of PV increase continuously with increase of pressure for 


hydrogen. 
(ii) thatin case of nitrogen and carbon dioxide, values of PV first decrease 
and then increase. 
(11) thatthedeviations at high pressuresaremore pronounced. 
TABLE32 
Pressure Values of PV for different gases 
atm Н, at 0°C N, at OC ' CO, at 40°C 
Т eh eS alic Sas DR ETERS SATS LL UM EE Mee 
1 1,000 1.000 1.000 
50 1.031 0.985 0.741 
100 1.064 0.985 0.270 
200 1.134 1.037 0.409 
400 1.277 1.256 0.718 
800 1.566 1.796 1.299 


(ii) Deviations from Charles-Gay Lussac Law: According to this law the 
volume ofa given mass ofa gas atconstant pressure should vary directly with 
temperature on the Kelvin scale. The shapes of PV versus Р curves at various 
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Fig. 3.15 Pressure - volume product as a function of pressure for nitrogen 


at different temperatures 
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temperatures should be the same. However, on plotting PV versus P for 
nitrogen at various temperatures (based on experimental data of the kind 
shownincolumn3 of the Table3.2) we getcurves shown in Fig. 3.15 
Itis seen that the shapes of curve change with the change in temprature. 
Thus, Charles-Gay Lussac law also is not obeyed by the real gases at all 
temperatures and pressures, The following important points may be noted 
from the curves in Fig. 3.15 
(i) The departure from the law is more pronounced at high pres- 
sures, 
(ii) Considerable deviations occur as the temperature is lowered. 
These become greatly Pronounced as the temperature approaches the 
liquefaction point(-183°C for N,) 
(iii) Deviations from Avogadro’s law : In the Table 3.3 below are 
given the actual volumes occupied by onemole of gasesatSTP. 


TABLE33 
Se 
Gas Volume occupied by one mole at STP 
руе a ae aan ee Pe tf г, ЛШ ш, 
Hydrogen 22.427 litres 
Oxygen 22.394 litres 
Nitrogen 22.405 litres 
Carbon dioxide 22.264 litres 
Ammonia 22.084 litres 
Ethyl chloride 21.879 litres 


Ifthelaw were strictly true, these volumes would have been independ- 


entofthe nature of the gas, The results in the Table 3.3 show that this is not 
thecase. 


higherthetemperature, more ideally dothe gaseshshave. 
3.9.2 The Causesof Deviations From IdealGas Laws 


The Kinetic theory of Bases was propounded to find a common basis 
for the gas laws. The postula! 


cal equation, gave the relation PY = 


102 


~ TR. 


(i) There is something wrong with the postulated model for the 

gases, i.e.,one ormore postulates of the theory may be wrong. 

(ii) Themathmaticaltreatmentis notexact. 

Letus have another look at the gas model. Two of the postulates of the 
kinetic theory are:- 

(i The volume of the molecules of the gas is negligible in compari- 

son with the total space occupied by the gas. 

(ii) The molecules donotexertany force upon one another. 

Inreality neither of thetwo postulates can be regarded as sound when applied 
toreal gases. Letus see how itis so 

(a) Gas molecules do have volume : As material bodies gas molecules do 

have volumes which, of course, is quite small as compared to the space 

occupied by the gas(at high temperatures andlow pressures). 

On increasing the pressure and/or decreasing the temperature the 
volume of the gas is reduced. What may be regarded as negligible volume 
for gas molecules, when the space volume is large, will not remain negligible 
when the space volume is made small by compressing the gas, (you can 
neglect the volume of the chalk pieces in a lecture room but cannot do so 
in relation to the chalk holder attached to the black-board). The total volume 
of the molecules in a gas will probably be of the some order as the volume 
ofthe solidified gas. z 
(b) The intermolecular forces of attraction come into play : 

The fact, that gases can be converted into liquids, shows that some kind 
of intermolecular force exists in gases. An experimental evidence to the 
existence of the attractive force in gases was obtained by Jouleand Thomson 
They passed a stream of gas at constant pressure through a tube into which 
aporous plug was fixed. In general, the gas coming out of the plug was found 
to be cooler than the gas on its other side. this occurred because the gas 
expanded in passing through the porous plug in a lower pressure region and 
for this energy would be required if any force of attraction existed between 
the molecules. 

These observations lead us to beleive that at least the postulates of the 
kinetic theory of gases listedabovedonotholdgood forreal gases. 


3.9.3 Vander Waal's Equation 

Considering the existence of intermolecular forces in gases and 
making an allowance for the volume of the molecules of gases. J.D. vander' 
Waals made an attempt to develop a simple equation of state for real gases. 
He applied appropriate volume and pressure corrections in the equation for 
-onemole ofan ideals gasand gave the equation. 


* (Pkay(V-b)-RT...... (3.54) 
ү? 
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3.10 THE SOLIDSTATEANDITS CHARACTERISTICS 

In the solid state of matter, the particles are very closely placed and 

occupy more or less definite positions relative to one another. Hence, they 
possess small kinetic energy. The interparticle forces of attractions are very 
strong in solids. 
Thus, solids are rigid bodies and posses definite shape and volume. The 
molecules in solids are arranged in a definite order and move in a periodic 
motion but about their mean positions. This does not allow the solids to 
change their shape. However, it is possible for molecules to escape from the 
crystal or solid form. There isa very little empty space in solids. The average 
distance between the neighbouring particles is comparable to the size of the 
molecules themselves. Crystals possess geometric shapes which are charac- 
terized by plane surfaces intersectig at fixed angles. The forces within asolid 
are strong enough toovercomeaconsiderableexternal stress. 

The rigidity of solids varies too much. Under great stress, a solid may 
crumble (brittleness) or spread out to a thin sheet (malleability or ductility). 
Onremoving stress it may return toits original shape (elasticity). Conduction 
is another important property of solids. Solids conduct heat and electricity 
to a varying degree. This difference is attributed to the radically different 
foces in solids arising from interparticle behaviour. 

In solids, we deal primarily with the crystalline state. In our laborato- 
ries we see various types of crystals right from colourless sodium chloride 


to highly colured potassium permanante. A crystalline solid is characterized 
mainly by three characteristics, 


1. A definite melting point 

2. A definite heat of fusion 

3. А definite crystal lattice 

Apart from being in acrystalline state, solids may be of an amorphous 
type (Fig 3.16) These are also rigid bodies but do not confirm to the three 
characteristics of crystalline solids. Glass, rubber, fused Silica, tar, solid 
glue, helical sulphur and many organic polymers fail to acquire the degree 
of order, typical of a crystal lattice. They have no definite melting points 
(soften over an appreciable temperature range) and definite heat of fusion. 
The order of structural units does not prevail over long distance. Amorphous 
solids also occupy definite volume and maintain а definite shape. There are 
Substances which in their powdered form appear to be amorphous, but 
microscopic examination reveals their crystalline nature. At times amor- 


phous solids posssess both crystalline and noncrystalline characteristics. A 


crystalline solid, whencutt with a sharp edgedknife givesacleanand regular 


cleavage but an amorphous substance gives an irregular hoi 
fracture (Fig. 3.17) j m 
Glass, a typical and common 
chemical substance because of wi 
ypes of glasses. Its rigidity, 


amorphous solid, is not a specific 
de variations in the composition of various 
hardness and resistance to shear have not been 
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CRYSTALLINE 


AMORPHOUS, 
Fig. 3.16 A crystalline solid and an amorphous solid 


| © 
(a) (b) 


Fig. 3.17 The cutting of solids with knife. 
(a)4 clean cut of the plane in a crystalline solid. 
(b) п irregular cut of the plane їп an amorphous solid. 


105 


types of glasses. Its rigidity, hardness and resistance to shear have not been 
explained so far. The tendency of glass to flow is indicated by the fact that 
glasses in windows grow thick at the bottom and become thin near the top 
over along time. Another common amorphous solid is sulphur. On quench- 
ing molten sulphur (S,) at room temperature, an open helix (Fig. 3.15) 
amorphous form is obtained. Over a long period, it reverts to rhombic 
crystalline form of sulphur. 


Fig, 3.18 Amorphous sulphur helix 


GASEOUS STATE 
Ml 


LIQUID STATE 


! TEMPERATURE 


(FREEZING POINT 
OF LIQUID) 


CHANGING 
THE LIQUID 
TOGAS 


Fig.3.19 The effect of temperature on a solid 


106 


Let us consider what happens when a crystal is heated. The addition 
of heat energy to a substance raises its temperature. When the temperature 
of a crystalline solid is raised, its kinetic energy increases. As a result, the 
atoms, ions or molecules constituting the solid, start vibrating or oscillating 
violently. Finally a temperature is attained when the crystalline lattice is 
destroyed by these vibrations. Thus, particles find additional space for 
movement. The solid getsconverted to the liquid state. This process is called 
melting. (Fig. 3.19) Now on cooling the liquid state a solid is formed. In 
solidification process, the kinetic motion of particles decreases and the 
attractive forces become pronounced. As the temperature is decreased a 
point is reached at which the particles begin to occupy relatively fixed 
positions in space. Eventually the particles become arranged in a definite 
three dimensional pattern in which they occupy definite spatial positions. 
This process iscalled freezing (or solidification orcrystallization). 

From the melting point of a substance, one can decide about the nature 
of bonding involved (covalent, ionic or metallic) to a good degree of 
approximation. Ionic solids like NaCl (m.p. 1077K), MgCl, (m.p. 1260K), 
K,CO, (m.p. 1173K), etc, melt at high temperatures because of strong 
attractive forces within the ions. On the other hand, solids with weaker 
attractive forces have low melting point, e.g., neon melts at 24K, fluorine at 
54K, oxygenat 55K andnitrogenat63K. 


3.11 THE CRYSTAL LATTICE (OR SPACE LATTICE) 

Solids tend to crystallize in definite geometric forms. The regular 
geometric pattern of the units (pattern of points) constituting a crystalline 
solid is called crystal lattice (space lattice) or simply a crystal. A lattice is 
a regular three dimensional arrangement of particles occupying relatively 

` fixed positions in space. The positions which the particles occupy in the 
crystal lattice are lattice sites. The particles occupying lattice sites are held 
in a definite arrangement by the strong interparticle attractive forces. These 
particles vibrate about their mean positions (Fig. 3.20), and thus, distribute 
kineticenergy throughout the solid. 

The nature of the particles occupying the lattice sites depends on the 
nature of the solid. These particles can be atoms, ions or molecules, and 
hence, they may be described in terms of lattice points. For the lattice points 
to be equivalent, they musthave the same chemical environment. In Fig. 3.21 
the three dimensional crystal lattice of sodium chloride is shown, Each Nat 
ion is surrounded by 6 chloride ions and vice versa. Thus, both Natand CI- 
ions have identical environments but are different for the two ions. 
Therefore; in NaCl the lattice points may be labelled at the sites of eithr 
Na*CI ions butnotat doth. 

Further, the particles arrange themselves as warranted by the attractive 
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Fig.3.20 The particles ina crystal lattice vibrate about their mean positions. 


(a) THE ARRANGEMENT OF IONS B 


Nat 
SURROUNDED 
BY 6 СГ” IONS 


(b) THEUNIT CELL 
СГ SURROUNDED 
BY 6 Na* IONS 


Fig. 3.21 Extended ionic crystal structure of NaCl. 
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forces. These attractive forces may be electrostatic (interionic), covalent (in- 
terionic) or intermolecularforces. 

In some solids, the particles arrange themselves in two dimensional | 
covalentnetworks. The best known exampleis the graphite structure. 

3.12 TYPES OFSOLIDS 

Solids are classified on the basis of structural units ions, atoms or 
molecules-and the nature of forces holding particles together in a crystal as 
follows: 

(i) Ionic solids : They аге made up of oppositely charged ions which are held 
by strong electrostatic forces. The mode of packing of ions depends on the 
relative sizes of positive and negativeions. 

(ii) Molecular Solids : Molecular solids essentially consist of neutral mole- 
cules held together by relatively weak dipole-dipole or vander Waal'sforces. 
Such solids are of two types, i.e., polar and non-polar. Polar molecules con- 
stituting crystal lattice are held by dipole-dipole attraction (Unit -6). The 
arrangement of the polar molecules depends upon the shapes of the 
moleculesand thestrength ofattractions. Non-polarmolecules are held by 
vander Waalsattractive forces within thecrystallattice. These (Fig 13.22) 
forces arerelatively weak. 

(iii) Covalent Solids : In these solids, neighbouring atoms are held by 
covalent bonds. The network of atoms bonded by covalent bonds grow in 
size, along fixed directions, to form a giant molecule. It is difficult to 
distinguish individual moleculesin this structure. 

(iv) Metallic Solids : In these solids metallic atoms are distributed in a 
regular and definite pattern which depends on the size and electronic 
configuration of the atoms constituting the solid. The structural units are 
positive metalions (same radii) dispersed in electron gas (Unit -6). These 
units are held strongly by the strong electrostatic forces between positive 
metal ions and mobile valence electrons. Various types of solids with their 
characteristics are summarized in Table 3.4. 

3.13 X-RAY DIFFRACTION STUDIES 

Much study about crystal structure has been possible by the applica- 
tion of X-ray diffraction analysis. Neutron and electron beams have also 
been used for the purpose. 

The phenomenon of diffraction occurs when radiation is passed 
through a narrow slit or a grating (parallel slits close together). The beam 
undergoes diffraction and is scattered at definite angles. The diffracted 
beams set up an interference pattern of light and dark bands. The nature of 
this pattern is related to wavelengths of the light and the width of the slit or 
the spacings between the lines ona diffraction grating (magnitude of wave- 
lengths and width of slit or spacing of lines on grating should be of the same 
order). ; 

Crystals are found to act as diffraction gratings for X-rays as the 
structural units in crystals are set in planes at close distances in repeating 
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Ф CARBON (О) OXYGEN 


Fig. 3.22 Molecular solid-solid carbon-dioxide 


patterns and the spacings of units in a crystal lattice are of the same order as 
the wavelength of X-rays. This technique was first developed in 1912 by Von 
Laue. Figure 3.23 suggests amethod of scattering of X-rays from a crystal. 

Later in 1913 W.L. Bragg and his father W.H. Bragg used the 
technique of X-ray diffraction for the determination of crystal structures. 
The principle used by them is embodied in the Bragg’s equation which 
correlates the angle of diffraction to the distance between successive planes 
of structural units (atoms, ions or molecules) in the crystal 

nA=2dsin® 
where 

Ө =the angle between the X-ray beam and the plane of atoms. 

X = the wavelength of X-rays 

d =thedistance between successive planes 

n =an integer (1,2,3 ....... ) knownas the order number of the diffracted 

beam 

Figure 3.24 pictures two rays a and b, їп а monochromatic X-ray beam. 
Waves a and b are reflected from two successive planes of atoms or ions in 
acrystal. Wave b travels a little longer distance than a does. If the distance 
travelled by a is L then b will travel L +AB+BC. This additional distance, 
i.e., AB+BC is equivalent to 2d sin Ө (.'. AB =d sin e and BC =d sin ө). 
Now if 2d sin 0 is an integral multiple of wavelengths, the rays will be in 
phase and produce a dark spot on a photographic plate. The interplanar 
distance can, thus, be determined by knowing A and ө . As there are 
differently oriented planes in the crystal, the X-ray beam is broken up into 
alarge number of diffracted beams. From relative intensities of the various 
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Fig. 3.24 Illustration of Bragg's law of diffraction 


beams, the crystalline structure of a solid can be determined. Further, differ- 
ent orientations of the crystal make the studies possible in different 
directions toarriveata complete structure of a crystalline solid. 

Several X-ray diffraction methods have been used. We shall discuss briefly 
the methods developed by (1) Laue and (2) Debye, Scherrer and Hull . 
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(1) Laue's Method : A polychromatic beam of X-rays was passed through 
acrystal (say NaCl). A circular pattern of dark spots (Fig. 3.21) was obtained 
as a reslt of diffraction satisfying the Bragg's equation. Imperfection and 
symmetry incrystalscan be known by this method. 

(2) Powder Method : This method was developed by Debye, Scherrer and 
HUII. A powdered sample of crystalline solid contains small crystals at many 
random orientations. A monochromatic beam of on a cylinderical film 
surrounding the sample. A diffraction pattern obtained is shown in Fig. 3.26. 
This method is generally used for identification of unknown sub- 
stances or mixtures by comparison of the powder pattern with patterns of 


known materials. 
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Fig. 3.25 Lane's X-ray photo- Fig. 3.26 Powder diffraction 
graph for crystalline NaCl pattern. 


Exercise 3.14, The following observations were made in the first order X- 
ray diffraction studies of acrystal: 
diffractionangle2 =20° 
interplanar distance = 0.4 nm. Calculate the wavelength of the 
X-ray used. 
Solution: According to Bragg’ s equation, 
nÀ-2dsin n=1 
=2Х04х 10? m X sin 10° 
=2х 04 X 10?m X 0.1736 
=0.13888nm 
=1.3888А 
3.14 CRYSTAL LATTICES (SYSTEMS) AND UNIT CELLS: 
A crystal lattice (or space lattice) is a general term for an arrangement 
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of points in space representing theatoms, ions or molecules forming thecrys- 
tal which if extended in all directions throughout the crystal forms a repeat- 
ing unit giving a shapeofthecrystal. 

A unitcell is the closely defined entity consisting of minimum portion 
of crystal lattice with just minimum number * of particles which shows the 
pattern of the entire lattice. Such units are repeated over and over again in 
three dimensions and generate the entire crystal. The collection of points in 
the unit cell indicate the crystal coordination number and are in consistence 
with the formula of the compound. The unit cell of sodium chloride is shown 
in Fig. 3.27. It consists of 27 points. It shows the face-centred cubic 
arrangementof Cl-with Na* ionsplaced in the interstices or holes. 


Fig. 3.27 A three dimensional lattice and a unit cell. 


A close view of the lattice along a diagonal indicates the alternate 
planes of Na* and CI- ions. This valuable information is supplied by X-ray 
diffraction. Thus, the basic information which is provided by X-ray diffrac- 
tion concerns with the dimensions and geomctric form of what is known as 
aunit cell. 

A unit cell is characterized by the distances, a, b and c along the three 
edges of the unit cell and the angles о, Band Y between the pairs of edges 
(b, c), (c, a) and (a, b) respectively. The angles between the axes are 90°, and 
this is specified by the notation о = [ = 90° and when a =b=c, the array is 
the simple cubic system. The entire crystal can be generated by a stepwise 
shifting of the (simple translation or displacement in three dimensions) unit 
cellintnree dimensions. 

Among the various types of crystals, there are many variations in 
lattices and unit cells. The number of unit cells depends upon the size of the 


* The number of units is such that it is just sufficient to define the repeating unit and also usually 
sufficientto show the symmetry elements of the crystal. 
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crystal. и lattice points occupy only the corners of a unit cell in a crystal 


lattice, the crystal is said to have a simple lattice. There are seven basic 
crystal systems (Table 3.5) or crystal habits on the basis of seven primitive 
simple unit cells. A crystal system can be defined in terms of its coordinates. 
Lines drawn parallel to and of lengths equal to the sides of a unit cell are 
called lattice coordinates of lengths a, b andc. 

The seven crystal systems may be further subdivided into fourteen 
space lattice types called Bravais lattices, These lattices may be primitive 
(P), body-centered (B), face-centred (F) or centred on one face or end- 
centred (E) as portrayed in Fig. 3.28, e.g., crystals with cubic lattice are of 
three types i.e., simple cubic, face-centred cubic (fcc) and body-centred 
cubic (bcc)crystals (Fig. 3.28 and Fig. 3.29). 


TABLE 3.5 Crystal Systems 

System Lattice type Axes Angles Examples 
Cubic РЕВ a=b=c а= Bey =90° Rock, salt, zinc 

blende, Cu, CaCl, CaO’ 
Tetragonal РВ a-bzc а= В =90° White tin, SnO, 

rutile (TiO,) 
Orthorhombic P,B,F E ас а=В= ү= 90° Rhombic sulphur, 

HgCl,, K,SO,, 1, 
Monoclinic PE axbzc a = y=% B Monoclinic sulphur, 

: KCIO, ,FeSO,. ШЕК] 
Triclinic P a£bzc аж В м үж90° KCrO, CuSO,. 5H,0 
Hexagonal P a-bzc a = fi -90* Quartz, 
y=120° graphite, ice 

Rhombohedral р a=b=c a = р = y 490° ^ Calcite, magnesite 


P= Primitive, B= Body-centered, F-Face-centred, E= End-centred 
All faces of crystals do not grow at aregularrate during crystallization. 
Asa result of this, all crystals of a substance may not assume the same ratio 
of axial edges as the unit cells but their axial angles are of the identical order. 
Actual crystals with identical unit cells m 
Table3.6 somecrystal structures with their 


3.15 PACKING OF CONSTITUENT PARTICLES IN CRYSTALS: 
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different sizes and nature (NOt OF tile same ланыу os vere — 
section we shall discuss the modes of packing of those crystals which are 
composed of only one kind of atoms. 
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Fig. 3.28 Bravais lattices (crystal systems). 


Metallic crystals are the best representatives of crystals containing one 
kind of atoms. A pure metal crystal contains only onc kind of atoms, and so, 
all the constituent particles in the structure are of the same size. Thus, there 
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TABLE 3.6 Crystal structures and lattice types 


Compound Lattice type Compound Lattice type 
NaCl Cubic (F) Flourite Cubic (F) 
CsCl Cubic (B) Rutile Tetragonal (B) 
Zinc blende Cubic (F) Cristobalite Cubic (F) 
Wurtzite Hexagonal (P) Cdl, Hexagonal 
NiAs Hexagonal (P) Calcite Rhombohedral 
Pyrites Cubic (F) Quartz Hexagonal 
Cuprite Cubic (B) CuSO,.5H,O Triclinic 
Sulphur Orthorhombic Sulphur Monoclinic 
Diamond Cubic (F) K PICI, Cubic (F) 


are no complexites arising from packing of particles of different sizes 
together, as occur with crystals of ionic solids and some other classes of 
solids. Towards the end of this section, we shall also discuss briefly the 
packingofparticlesinvolvedin ionic solids. 


о 
o 
Ha AA She 
Bea 
o! i 
ea 
Т ДЕШЕ 74 7 y 
a 
SIMPLE OR BODY-CENTRED ^ FACE-CENTRED. 
PRIMITIVE pe 
BODY - CENTRED 
FACE -C 
SIMPLE CUBIC CUBIC (Cs Cl) CUBIC (Nac) : 


Fig. 3.29 Geometry of packing of ions and the shapes of crystals. 


There are several ways in which a number of spheres of equal size can 

be packed in layers. Some of these are shown inFig. 3.0 Arrangement of 
` spheres in a row in horizontal alignment relates to the edge (Fig. 3.30(a)) of. 
acrystal. Further addition of rows vertically formsacrystal plane. Thus,Fig. 
3.30 (b) and (c) refer to the arrangements of spheres in the first layer (plane 
formation). In Fig. 3.30 (b) each central sphere is in contact with four other 
spheres, giving a square close packing. Here the rows are in vertical 
alignment. In Fig. 3.30 (c) each central sphere is in contact with six other 
spheres, giving a hexagonal close packing. In this arrangement, the spheres 
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(с) 
Fig. 3.30 (a) А one dimensional lattice (edge formation), (b) and (c) Two 
modes of two dimensional lattice (formation of crystal plane). 
from alternate rows are placed in the depressions between spheres of the 
preceding rows, e.g., the spheres from the 2nd row are accommodated in the 
depressions between spheres of the first row. Thus, the second row is notin 
vertical alignment of the first row. The spheres in the third row will be ver- 
tically aligned with those in the first row and so on. Thus, in the arrangement 
the available space is used most effectively leaving less space unoccupied 
than in the arrangement with square close packing. This arrangement is 
referred toas closed packing of spheres. 

Now these two arrangements can be extended further to have a three 
dimensional lattice. In case of layer exhibiting square close packing, a 
second similar layer of spheres may be fitted with each sphere either just 
directly above the spheres or above the holes (or voids or interstices) in the 
first layer. The first arrangement of superimposition (Fig. 3.31(b) gives 
simple cubic lattice with successive layers. Thus, each sphere touches six 
adjacent spheres. Now in the second arrangement (wherc holes present in the 
first layer are occupied by the spheres of second Jayer) when a second layer 
is fitted with its each sphere ona layer exhibiting square closc packing (Fig. 
3.31 (c)), a body-centred cubic lattice is generated with addition of succes- 
sive layers. Every alternate layer has similar arrangement of spheres. Each 
sphere touches its eight nearest neighbours. 

Similarly in the closed packed arrangement, holes (say either L or M) 


117 


eee" 


мече III > 
(b) SIMPLE CUBIC PACKING (c) BODY CENTRED CUBIC PACKING 
SIMPLE CUBIC BODY CENTRED 


CUBIC (Cs Cl) 


аНЫ, 
@ e EM 
pM 


Fig.3.31 Arrangement of successive layers on a base layer (a) of spheres in 
a square close packed structure; { b) all successive layers are alike and give 
simple cubic lattice; (c) every alternate layer is identical and leads toa body 


centred cubic packing , (d) simple cubic packing with e. z 
bodycentredcubic packing with exploded unit cell. 

are occupied by the spheres in the 
displaced relative to the first layer (Fig. 3.32 
spheres, some holes (say M) are left unoccupied 
holes are filled. Accordingly there 


Possible in the s. 
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uccessive layers, close 


HEXAGONAL CLOSE PACKED CUBIC CLOSE PACKED 


(е) (0) 


ATOMS IN THE PLANE OF THE PAGE 

о LOCATION OF CENTRES OF ATOMS IN A PARALLEL 
PLANE BELOW THE PLANE OF THE PAGE. 

x LOCATION OF CENTRES OF ATOMS IN A PARALLEL PLANE 
ABOVE THE PLANE OF THE PAGE 


Fig, 3.32 The two types of close packing; (e) hexagonal close packed, (p 
cubic close packed, (g) top view of hexagonal close packing, and(h) top view 
of cubic close packing. 
packed layers can be arranged in the sequence AB, AB..... or ABC, ABC...... 
АВТАВ arrangement is referred to as hexagonal close packing (hep) 
[Fig. 3.32 (e) and (g)] and ABC, ABC......arrangement is referred to as 
cubic close packing (ccp). [Fig. 3.32 (f) and (h)] The cubic close packed ar- 
rangement contains atoms arranged in the face-centred cubic lattice (Fig. 
3.33 (d)) . The Figs. 3.33 (a) and (c) exhibit the vertical section of hexagonal 
and cubic close packings. Their exploded unit cells are also shown in Figs. 
3.33 (b) and (d). 
Holes L and M in the first layer and N in the second layer are all 
triangular in shape. The hole (say O) in the second layer corresponding to 
< Min the first layer results from the combination of two triangular holes one 
each from the first and second layers (one triangle vertex upwards and the 
other triangle vertex downwards). Holes, L, M and N are called tetrahedral 
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Fig. 3.32 Arrangement of successive layers on a base layer ( а) of spheres in 
a close packed structure; (b) the second layer contains a similar arrange- 
ment but the centres of. spheres are displaced with respect to the base layer; 
holes L are occupied but holes M remain unoccupied ; (c) the addition of . 
third layer leads to arrangement AB, AB.......which is hexagonal closest 
packing ; (d) the other possible orientation of the third layer leads to 
arrangement ABC, ABC.......whichis cubic closest packing. 

holes as they are surrounded by four atoms in a crystal (Fig. 3.34 (a)). Hole 
Oiscalledan octahedral hole as it is surrounded by six atoms ina crystal (Fig. 
3.34(b)). These interstices or holes are quite important particularly in tran- 


sition elements as the small atoms, such as, H, B, C, N, etc. enter into these 
interstices forming interstitial compounds. 


lying above and below the base 
layer). In the bcc Structure, packing is less efficient and the coordination 
numberis8. 


The major types of struc 
below: | 

(а) hep: Mg, Be,Zn,Ti,Zr,Cd 

(b) cep: Cu, Ag, Au, Ca, Sr, Al, Ni, Pb, Pt, Co 

(c) bep: Li, Na, K,Rb, Ba, V, Mo, Cr, W, Fe 


tures for the metallic elements are given 
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(A) HEXAGONAL CLOSE PACKING ОЕ (p) HEXAGONAL CLOSE PACKING OF 
SPHERES (VERTICAL SECTION) SPHERES (EXPLODED UNIT CELL) 


1 A | 
3 с \ 

2 B 

1 A 


(c) CUBIC CLOSE PACKING OF (d) CUBIC CLOSE PACKING OF SPHERES 


SPHERES (VERTICAL SECTION) - (EXPLODED UNIT CELL EXHIBITING 
FACE - CENTRED CUBIC NATURE) 


(e) CUBIC CLOSE PACKING OF SPHERES-SHOWING THE CUBIC NATURE 


Fig. 3.33 (a) Vertical section of a hexagonal close packing of spheres (b) 
exploded unit cell of hexagonal close packing of spheres, (c) vertical section 
of cubic close packing of. spheres, (d) exploded unit cell (face-centered cubic 
nature) of cubic close packing of spheres, and (e) cubic close packing of 
spheres -showing the cubic nature. 
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(a) (b) 
TETRAHEDRAL HOLE 


OCTAHEDRAL HOLE 
Fig. 3.34 Two types of holes exist in the cubic closest packing arrangement 


ofequal sized spheres : (a) tetrahedral hole, and (b) octahedral hole. 
Packing in Ionic Crystals 


Asalready said ionic Crystal structures are dependentupon the nature of ions 
and their sizes (anion 


5 generally being larger than cations). To understand 


arrangements of anions (Fig.3.35) which depend upon 
the relative sizes of thecations and anions. 


OCTAHEDRAL 
Fig. 3.35 Five close packing 
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Fig. 3.36 pictures four anions lying in one plane. Two more anions 
could be accommodated in the hollows (one among the four above and the 
second among the four below the plane). Now if a matching cation is 
accommodated into the resulting hole, a satisfactory octahedral packing 
arrangementofcations and anions willemerge. 


Fig. 3.36 A planar view of octahedral packing of anions around central 
cation. 


There could be other arrangements where either anions are not in 
contact to one another but cation is touching them or anions are in contact 
toonc another butcationisnottouching them. 

Table 3.7 lists radius ratio limits for certain types of ionic arrange- 
ments with theircoordinationnumbers. 


Table 3.7 Relative radius ratios and arrangement of anions. 


Crystal coordination Anion arrangement Radius ratio range 

number TOTE pa 

2 Linear <0.15 
3 Triangular 0.15- 0.22 
4 Tetrahedral 0.22- 0.41 
4 Planar 0.41- 0.73 
6 Octahedral 0.41— 0.73 
8 Cubic 20.73 


3.16 Properties of Liquids 
Volume and shape The intermo,ucular attaractive forces between the 


molecules in a liquid are strong energy to hold them together and give a 
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A liquid flows to fit the shape of its container, 
ы, апа incompressibility, In a liquid the molecules are. closer 


DISTANCE BETWEEN 
MOLECULES IN LIQUID 


ATTRACTIVE FORCES 
BETWEEN MOLECULES 


IMAGINARY COMPRESSION 
OF Liquip FORCES 


MOLECULES CLOSER 
TOGETHER 


INTERPENETRATION OF ELECTRON CLOUDS CAUSES REPULSION AND 
MOLECULES MOVE FURTHER APART 


Fig. 3.37. The distance between molecules of a liquid 
Diffusion, When two misci 
together, they Slowly diffuse into each oth 

that in i 


diffuses, 
Vapour Pressure. Molecules of li 


1 
| 


towards the liquid, some of these will return to the liquid i.e. condense 
(Fig. 3.39). The rate of condensation is proportional to the concentration of 
molecules in vapour state. At эк stage the rate of condensation becomes 
эт E ERAN equal to the rate of evaporation. This 
pie 9. P TP) is referred to as the equilibrium state 
RAE T Ж.с: B fy when the liquid level as well as the 
‚ ГА X concentration of molecules in the 
j vapour state become constant. The 
| pressure of the уарошз in 
equilibrium with the ідш, ғас any 
given temperature, is called the 
vapour pressure of the liquid. It is a 
characteristic property of a liquid. 
With an increase in the temperature 
of a liquid, its vapour pressure also 
increases (Fig. 3.40) because at a 
higher temperatue the liquid contains 
more molecules having sufficient 
Fig. 3.38. Evaporation of liquid from kinetic energy (Fig. 3.49) to overcome 
an open vessel intermolecular attractive forces. 


NOILVHOdVA3 


(а) INITIAL: LIQUID ONLY (6) EQUILIBRIUM : LIQUID AND VAPOUR 
BATEOF EVAPORATION = RATE OF CONDENSA- 
TION 

Fig. 3.39 (a) The space above the liquid is occupied by air only. 

(b) As time passes, liquid evaporates and liquid and its vapour 
reach equilibrium-The difference between the heights of the 
mereury columns in manometer initially and at equilibrium is 

a measure of the vapour pressure of the liquid at that 


ture. 
tempera bs 


жа 


LOWER TEMPERATURE (Т,) 


ó > 

бе HIGHER TEMPERATURE (Tj) 

Ёш 

25 

шо 

ош 

uz 

@ MINIMUM KINETIC ENERGY 
u © REQUIRED FOR ESCAPE OF 
© z MOLECULES FROM SURFACE 


OF LIQUID 


KINETIC ENERGY ——————> 


Fig. 3.41 Distribution of kinetic energies of molecules in a liquid at 
different temperatures. 
Boiling point. This is defined as the temperature of a liquid at which its 
vapour pressure becomes equal to the atmospheric pressure (760 mm Hg). 
For example, when water is heated its vapour pressure gradually increases. 
At 373K, the vapour pressure of water bcomes 760 mm Hg. Hence, the 
boing point of water is 100 C. Similarly, boiling points of alcohol and 
diethyl ether are 78.5*C and 34.6 C respectively (Fig. 3.40). Liquids have 
their characteristic boiling points. 
Surface tension.This property of liquids is also attributed to the intermolecu- 
lar attractive forces.A molecule within the bulk | of the liquid (e.g. A or B 
in fig. 3.42) is attracted equally from all sides by the surrounding molecules. 
Butamolecule atthe surface (e.g. C orDin fig. 3.42) is under strain or tension 
because it is being pulled inward 
by attraction from nearby mole- 
cules, There ar^ no liquid mole- 
cules above it to balance the 
forces. It is thus experiencing a 
resultant pull inward. АП the 
molecules at the surface of the 
liquid experience this tension 
which is called the surface ten- 
sion of aliquid, The surface ten- 
sion of water is 72.8 x 10 3 
newtor/m. Different liquids have 
diffrent surface tension, simply 
because the strongth of the attrac- 


tive frace varies with the nature of 
the liquid strength of the intermolecular attractive forces in a liquid. It is 


Fig. 3.42 Forces on molecues well 
within the liquid and at the surface 
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VN 


760 


PRESSURE mm Hg 


TEMPERATURE °C 


(а) DIFTHYL ETHER, b.p. 34.66 (b) ACETONE bp. 56.1 °С 
(c) BENZENE bp 80 °C (d) | ETHANOL bp. 78.5*C 
(e) WATER . bp. 100 *C (f) TOLUENE bp 111°C 


Fig. 3.40. Plots showing increase in vaour pressure of liquids with increase 
in temperature, Liquids boil at the temperature at which the vapour 
pressure is 760 mm Hg. 
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because of surface tension thata liquid drop assumes a spherical shape. This 
shape has the smallest possible surface to volume ratio. The surface tension 
isalsoresponsible forthe rise or fall of liquids in capillaries, 

Viscosity. All liquids show some Tesistance (or opposition) to flow because 
of the intermolecular attractive forces, This is known as viscosity. Several 
factors affect the viscosity of a liquid, particularly the size and shape of its 
molecules and the Strength of the attractive forces between them. A larger 
molecule offers more resistence to flow than a smaller one. A liquid is also 
likely to be viscous if the attractive forces between its molecules are strong; 
its molecules are less easily moved about with respect to each other. Ethanol 
because of hydrogen bonding is more viscous than ethyl ether. It also 
depends upon the molecular mass and nature of a liquid. Liquids like 
water, alcohol, ether, etc. flow readily while oils are viscous. With an 
increase in temperature, viscosity usually decreases because increased 


kinetic energy (due to increase in temperature) overpowers the attractive 
forces. 


SELF ASSESSMENT QUESTIONS 
MULTIPLE CHOICE QUESTIONS 
34 Puta(,/) mark against the most appropriate choice 
(i) Which of the following exerts maximum pressure? 


(а) 75.0cm high column of mercury (density = 1 3.6g cm?) 
(b) 10.0gIT, (g) at20°C inacontainerof20litre volume 
(c) A60.0cm high column of (CCI, (density =1.60g ст?) 
(d) 320 gO, atSTP contained in 10L vessel. 


(ii) When temperature of 1 mol of agas atl atm pressure is changed from 100°C 
to 250K the volume ofthe gas 


(а) decreases (Б) becomes double of the initial volume 


(c) increases, but 
notto twice the initial volume (d) remains constant 


(iii) { A sample of N, (р) is collected over water at 300K at a barometric pressure of 748 
mm Hg. (Aqueous tension at 300K = 25 mm Hg). The Partial pressure of N, (g) in 
the sample collected is 


(а) 25mmHg (b) 0.95atm (c) 0.98 atm (d) 0.01 atm 


(iv) A IL container has 0.1 mol Н, (в) and0.1 mol О, (g). The container has a pinhole 
leak. After 5 seconds inthe container the partial 


(а) Pressure of O, (g) exceeds that of H, (g) 

(b) Pressure of H, (в) exceeds that of O,(g) 

(c) Pressures ofboth the gases remain unchanged 

(d) Pressures of both the gases increase above their initial values, 


(v) When an ideal 
the molecules: 


(a) are abovethe inversion temperature (b) exertno attractive forces on each 
other 


Ваз undergoes unrestrained expansion, no cooling occurs because 
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(vi) 


(vii) 


(viii) 


(ix) 


(x) 


(xi) 


(xii) 


(xiii) 


(xiv) 


(с) домо equal to the loss inkinetic energy. (d) collide without loss of energy 
(IIT 1984) 


If agas is expanded at constant temperature 

(a) thepressure increases (b) the kinetic energy of the molecules remains the 
same 

(c)  thekinetic energy of the molecules decreases. (d) the numberof molecules 
of the gas increases 


The volume of a gas measured at 27°c and 1 atm pressure is 10.0L. What final 
temperature would be required to reduce the volume to 5.0L at constant pressure. 
(a) 135°С  (b)S4'C (с)150К  (d)327K 


In van der Waal's equation of state for a non-idcal gas the term that accounts for 
intermolecular forces is 


(а) (V+) M. (RT ARTY 


A bottle of dry ammonia and a bottle of dry HCI (g) connected through a long tube 
arcopened simultancously at both ends, the NH,Cl(s) formed will be 

(a) atthe centre of the tube (Б) near the dry НСІ (р) bottle (с) near the 
ammoniabottle (d) throughout the length of the tube. 


‘The temperature of acertain mass of a gas increased from 40°C to 41°C at constant 


pressure. The volume of the gas, will, 
(a)  remainconstant (b) increase by 1/273 of its volume at 273K (c) increase 
by 1/273 of its volume at 40°C -(d) increase but the increase in volume cannot - 


be predicted. 


The kinetic energy of one mol of any gas depends upon the 
(a) natureofthe gas (Б) pressurcofthe gas (с) temperature on the kelvin 
scaleofthegas (d) volume ofthegas. 


Equal masses of sulphur dioxide and oxygen are mixed in an empty container at 


300K. The total pressure exerted by the gascous mixture is 1 atm. The nM 


pressure exerted by sulphur dioxide gas is 
(а) 0.33am (б) O.Satm (с) 0.20ат (d) 0.67 atm 


In NaCl crystalcach Cl. ionis surrounded by 
(a) 4Na* (Ы) 6СІ” (c)6Na* (d)4CI- 


Whatstructural units occupy the lattice sites in the metallic crystals ? 
(a) Atoms (b)Electrons (c) Negative ions (d) Positive ions 
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(xv) Whattypeotervatale should be the softest and have the lowest boiling point ? 


(a) Covalent crystals (b) Ioniccrystals 
(c) Metalhccerystals (d) Molecular crystals 


3.2 Fillintheblanks 


0] 
(ii) 


(iii) 


(iv) 
(у) 

(vi) 
(vii) 


(viii) 


Й (х) 
@) 


33 Po 
(0 
(ii) 


- (ii) 
(iv) 
() 
(vi) 


(vii) 
(viii) 
(ix) 
(к) 


Kelvin and Celsius scales are related as........ 

The actual number of molecules in one gram-mol of a gasis....... 

At constant pressure, volume, V, ofa given mass ofa gasis related to its absolute 
temperture, T, as V/T— constant. The name of this law is....... 

The constant, R, isknown as.....constant its valueis....., joules. 

Theaveragekineticenergy of 1 mol of CO, gas at 300K is ....... 


Real gases obey gas laws approximately at......pressures and..... ...lemperatures. 
Space lattices of different kinds of constituent particles in a crystal may not always, 
be......., however in NaCl, thetwo ........ are identical. 


Most crystals show good cleavage because the atoms, ions or molecules in-a crystal 


Inamolecularcrystal the forces holding togetherthe atoms within a molecule are....... 
Experimental evidence for the orderly arrangement of atoms in crystals is given 


EUM 


int owt the correct statements of the following 

Kineticenergy of amolecule is zero at O°C. (LIT 1985) 

A gas in a closed container will exert much higher pressure due to gravity at the bottom 
thanatthetop. 5 (11Т 1985) 


The rate of diffusion ofa gas}s inversely proportional to the square root of its density. 
Theratio of PV to Tis independentofthe pressure fora given quantity of an ideal gas. 
Anidealgas would have zero volume at O K. 

At low pressures the molecules of a gas аге moving at a lower speed than that of at high 
pressures. 

All molecules of a gas move with the same speed. 

Amorphous solids are super cooled liquids. 

Incrysials short range order cxists. 

Unitcell isthe simplestbuilding unit in acryslas. 


344 Match the following choosin 


| g one item from column X and the appropriate item 


from column Y 
Column X Column Y 

). n. (a). Average kinetic energy 
d N of 1 mol of a gas 
Gi) ^ Molecules are not points (b) Metallic crystals 

UM but have definite volume (c) Kinetic gas equation (d) O°C 
(i) © P= Р, +р,+ Pè (e) Mole fraction 

(iv) 3/2RT (f) Dalton's law of partial 
(v) 1.987 calories pressure 

(vi) РУ z1/3mnC? (g) X-ray stud: 

(vii) 273.15K (h) Real Eikes 
(viii) Positive ions in a sea of electrons (i) Isomorphous 

(ix) Substances with similar crystal forms (j) R 

(х) Crystal lattice 


130 


SHORT ANSWER QUESIONS 


3.5 


3.6 


3.7 
3.8 


3.9 
3.10 


3.11 


3.12 


3.13 
3.14 


3.15 


3.1 
3.2 
3.3 
3.4 
ie 


3.6 


37. 


3.8 


Two gas jars А and B are of equal volumes and contain an equal mass of H, (g) and О, 
(g) respectively. Gas jar A is maintained at 300K and B at 690K. Compare the two 
samples quantitatively with respect to 
(i) _ numberof molecules 
(ii) average speed of molecules 
(iii) average kineticenergy of molecules 
Using the ideal gas equation derive an equation relating molecular weight to density, 
pressure and temperature of the gas. 
Why isthe density of ice lowerthan that of water? 
Which of the followings would diffuse most quickly under comparable conditions ? 
H,O, HDOorD,O 
Why does the pressure build up in a tyre ona hot дау? 
A particular gas sample is 1% oxygen molecules. How many oxygen molecules are there 
in one litre of the gas sampleat STP? 
The molar volume of a gas is affected by pressure and is quite low at high pressure. The 
density of CO, (g) at483K and 30 atm is 0.084 g/cm’. 
(i) Calculatethe molarvolume of CO, (g) at these conditions. 
(ii) Howmany molecules does this volume contain. 
A nitrogen gas volume thermometer has a volume of 100 ст? when immersed in an ice- 
water at 0°C.When immersed in liquid bromine, the volume of the nitrogen at the same 
pressure is 120 cm’. Calculate the temperature of liquid bromine in °C and К. 
A certain solid has m.p. 1100°C . ad is a nonconductor. Which type of solid is it likely to 
be? How could you make final decision about the type of solid ? 
Classify each of the followings as molecular, ionic or metallic solids 
() Ba  (i)BaO (iif)CO (iv)SiH, (v)NaNO, 
What is the wavelength of an X-ray beam which gives a first order reflection at an angle 
of 23" from a crystal with spacing at 220А? 


TERMINAL QUESTIONS 


How do you combine Boyle's law, Charles’ law, and Avogadro's hypothesis into one 
equation? 
What happens to the total pressure when gases are mixed in a given volume ? 
How does average gascous molecular speed vary with temperature ? 
Explain on the basis of the kinetic molecular theory, why most gases cool on expansion 
into a vacuum. 1 
A balloon has a volume of 2.0 litres indoors at a temperature of 298K. If it is taken out 
atnight when the temperature is 244K, what will its volumebe? (Ans 1.64L) 
How many millilitres of CO, at 303K and 700 torr must be added to a 500 ml container 
of Nat 293K and 800torr to give a mixture having a pressure of 900torr at 293K ? 
(73.9mL) 
At what temperature will the average molecular speed in a gas be double its value at ООС 
Does this vary with the nature of the gas ? (819C) ? 2? 
Explain the following : 
(i) Alkali metals are soft and melleable whereas most of the transition metals are 
hard and some arc brittle. 
(i) Metals conduct electricity whereas the non-metals do not. 
(iii) While melting a solid substance, the temperature does not rise until all the solid 


has melted, 

(iv) Melting point of a solid depends upon the mutual attractive forces between its 
building units. 

(v) Flourine and chlorine are gases at ordinary temperature, bromine a liquid and 
iodine a solid. 
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3.10 


3.13 


3.14 


3.16 


159-1 


3.2 


3.3 
3.4 


3.5 


3.6 


(a) Arrange the following compounds in the expected order of increasing melting 
point: NaF, NaCl, NaBr and Nal. Give the reason foryour arrangement. 
(b) Arrangements for the closest packing of spheres are possible in two ways. 


Explain. 

(a) Howmany nearest neighbours are there in the hcp, fcc and bcc around the central 
atom? 

(b) Suggest schemes through the packing of spheres which lead to bcc and hcp 
packing. 


List the various lattices. Give an example of each and account for the differences in 
hardness and meling point of each. 

Describe cubic close packing. Mention the othertwo usual cubic close packings with two 
compounds of each representing the packings. What will be the coordination number of 
each sphere in cubic close packing ? 

How many types of unit cells are adopted by crystals ? Draw the sketch for any four of 
them. Also suggest thename of crystals having these four unit cells. 

Caesium chloride has a density of 3.940g cm —. Calculate the size of unit cell and the 
interionic distance (At. wt of Cs = 132.9, C1 435.5) 

(Ans. The length of the side of the unit cell cube is 4.14 A9; interionic distance 23.58 A9) 


If the interionic distance in NaCl is 3.57 A? predict the angle at which a first order 
refléction of X-rays of wavelength 1.75 A°willoccur(Ans 8 = 14°). 
Write short notes on the following characteristies of liquids : 

(a) Surfacetension, (b) viscosity, (c) vapourpressure,and (4) diffusion. 


ANSWERS TO SELF ASSESSMENT QUESTIONS 


d b (ii) a (iii) b (iv) a (v) b (vi) b (vii) c (viii) b (ix) b (x) c (xi) c (xii) a (xiii) c (xiv) d 
xv)d 


(i) К=273.15 +0с 
Gi) 6.02x10? 
(ii) Charles law (iv) gas, 8.314 J 
(у) 3.741:КЈ (vi)low,high (vii) identical, space lattices 
(viii) arrangedinplanes (ix) covalent bonds 
(х) X-ray diffraction pattems 
(i) Е (ii) F Gi) T (ут WT (vi) F 
(уй) Е (viii) Т (іх) Е (x) T 
Qe (ih (iii) ғ (iv)a (v)j (vi)c 
(уй) (vii)b (ix)i (хл 
(i)  Letthemassof H,andO, be wg each 
n7 w/2=and по, = w/32 
As the number of moles of Н, is 16 times more than that of number of moles of O,. Jar 
A containing H,(g)has 16 times more molecules than that present in jar B. 3 
(i) | 1/3mn C? - RTorC'ec Т/М ( Risaconstant 
Average specd of H, molecules x T3003. Pg 
Average specd of O, molecules Be “600 -ab 
(ii) KEocT | 
K.E.of H, molecules 300 


К.Е. of O, molecules = 600 = 05 


PV=nRT 
WRT 
eT T 
А. aR Tap AW К 
Р vow у: = density (р) 
RT 
P=p у «Mp AL 
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3.7 


3.9 


3.11 


3.12 


In ice, each oxygen atom is surrounded tetrahedrally through H-bonds to four water 
molecules. The resulting structure is a very open one and this explains why the density 
of ice is lowerthan that of water. 
The lightest of all, H,O would diffuse most quickly. 
As the temperature of air inside the tyre increases, the kinetic energy increases, Since the 
volume of the tyre remains almost constant, the increased kinetic energy results in more 
collisions per unit time with the tyre walls, and the force exerted per collision is greater. 
Thus the pressure rises. 
22.4 L of the gas sample at STP has 6.02 X 107 molecules. Therefore, 1L gas sample 
having 1 % oxygen molecules in it would have О, molecules 

= 6.02 X 10? 

22.4 X 100 

= 2.68 X 10” О, molecules Л, 

(i) Molecularmass of CO2 :: 44 


Therefore molarvolume = - Sut 
= 523.8 ст3 mol 
= 0.521. molt 
(ii) 6.02 x 10? 
V z 
T = T at constant pressure 
V, = 100m И = 10am? 
T, = 0°С=273К Т, =? 
Substituting the values Z 
n. Ao Т, = 120- X 273 =327.6K 
1 
К = 54.6°С 


3.13 


3.14 
3.15 


It could be ionic ormacromolecular. Test conductivity of melt. Ionic solid melt would be 
good conductor. 
(i) metallic (ії) іопіс (iii) molecular (iv) molecular (у) ionic 
Youknow nA = 2d sing 
hence n = 1, d= 220 A? 
йе С 55:0 

УЗ; 2x220Sin23 2х 2:20 х 0:391 

7? 1 = 172 A9 
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UNIT 4 


ATOMIC STRUCTURE 


The philosopher should be a man willing to listen to every suggestion, but deter- 
lined to judge for himself. He should not be biased by appearances, have no favourite 
ypothesis, be of no school, and in doctrine have no master. He should not be a respecter 
f persons but of things. Truth should be his primary object. If to these qualities be added 
ndustry, he may indeed hope to walk within the veil of the temple of NATURE. 

MICHAEL FARADAY 
(1791-1867) 
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4.2.3 Discovery of positive rays (protons) 
4.24 Radioactivity 
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4.1 


At the completion of this unit, you should be able to, 

Give the postulates of the Dalton's atomic theory 

Cite the experimental evidence for the existence of electrons, protons and neutrons 
as fundamental particles of atoms. 

Account for the mass of an atom through the existence of neutrons 

Understand the phenomenon of radioactivity. 

Explain the observations made with Rutherford's experiment and his nuclear atomic 
model, i.e., the presence of a small nucleus containing most of the mass and all of 
the positive charge in the atom, around which electrons move. 

Determine the number of each of the fundamental particles in an atom from the 
atomic number and mass number. 

Describe the naturc of light and electromagnetic waves. 

Describe the photoelectric effect and state which mode of light it supports. 

Correlate quantized energy states - ground states and excited states - in atoms with 
the origin of line spectra. 

Describe the Bohr's model of the atom. 

Explain quantized energy states in terms of Bohr's orbits and electron transition 
between orbits. 

Calculate the wavelength, frequency, and energy changes associated with the elec- 
tron transitions, including ionization in the hydrogen atom on the basis of the Bohr's 
model. 

Describe the wave properties of matter and make calculations of the wave-length of 
particle from their mass and velocity. 

State the restrictions placed on our ability to know the position and momemtum of a 
small particle. 

Comment on the contributions of de Broglie. 

Explain the results of calculation, from the wave mechanical model of the hydrogen 
atom in terms of orbitals and probable electron density. 

List the four quantum numbers that define the energy state of the electron in a 
hydrogen atom along with their possible values and state their physical significance 
in terms of orbitals. 

Calculate the maximum number of electrons that can occupy each quantum energy 
level in an atom. 

List the symbols that represent energy sublevel in atoms. 

Explain the significance of the Pauli’s exclusion principle in relation to the electron 
structure of atoms. 

Draw the shapes of s, p and d orbitals. 

Sketch the probability regions about an atomic nucleus that illustrate the different 
energy levels. 

State the relative energies of the orbitals in multielectron atoms. 

Write the electron configuration of an atom with the help of its atomic number and 
determine the number of any unpaired electrons present. 

Illustrate the electronic configuration of atoms by pictorial representation. 


INTRODUCTION 
From the early times of civilization, philosophers have debated 


the divisibility of matter. Could a small piece of matter be divided 
again and again into infinitely small particles - the concept’ Aristotle 
documented - or was there a limit to this divisibility as Lucveitus and 
Democritus had proposed ? These Greek philosophers have been very 
active in debating and proving their view point. But they were forced to 
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restrict testing their ideas almost exclusively to mental exercise and 
logic rather than experiment. 

Around 400 B.C., Democritus suggested that all matter is composed 
of small, discrete, indivisible particles called atoms (from the Greek word 
‘atomos’ meaning indivisible ). His ideas were rejected for 2000 years, but 
they began to make sense in the late eighteenth century. After all, it was their 
word which John Dalton in the early 1800 years used as he developed his 
atomic theory to explain natural phenomena and chemical reactions. But 
were the Greek atomists right? It all depends upon the meaning of the word, 
“indivisible” . It is true that atoms are of fundamental importance. But it is 
certainly not true that atoms are indivisible. It is evident from the recorded 
history that Dalton changed his mind before the end of his life and in a 


remarkable prophesy suggested that a great deal of energy might be liber- 
ated ifatoms could be split. 


John Dalton summarized and supplemented the concepts of Greek 
philosophers and scientists which are the core of 'Dalton's Atomic 
Theory". In the condensed form Dalton's postulates are as given below: 
l. Matter (or element) is composed of tiny fundamental particles 

called atoms. 

2. Atoms of an element are similar (same mass and Size) but differ 
from atoms of other elements. 

3. Atoms enter into combinations with other atoms of different ele- 
ments or same element to form compounds in simple numerical 
ratios. 


Atoms are indestructible and cannot be created or transformed 
into atoms of another element. 
In a given compound the relative number and kind of atoms are 
constant. 
Throughout the nineteenth century chemists and physicists kept on 
harping on the Dalton's belief that atoms were small and hard indivis- 
ible spheres and gave no consideration to the possibility that they might 
have an internal structure. Towards the end of the nineteenth century, 
experimental evidence established that an atom can be subdivided. 

It is now known that all atoms are composed of three fundamental 


particles, the proton, the neutron and the electr 


on. According to modern 
theory, an atom (radius about 10-9 m) consists of two parts, i.e. the 


nucleus (radius about 1075 m) and the extra-nuclear part. The nucleus is 
composed of protons and neutrons; in a neutral atom the number of 
protons is equal to the number of electrons in motion about the nucleus. 
Both the proton and the neutron have 
hydrogen atom (~1 amu 
(0.000546 amu) of this m 


almost the same mass as the 
), whereas the electron has about 1/1848 
ass. The charges on the proton and electron 
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are equal in magnitude though opposite in sign, that on the electron 
being negative. The neutron has no charge. 

The number of neutrons in the nuclei of the atoms is usually not 
the same as the number of protons. The difference in the masses of 
atoms of elements are the result of the differences in the composition of 
the nuclei of the atoms. This variation in composition of the nuclei of 
the atoms accounts for the existence of isotopes (same number of pro- 
tons but different number of neutrons) of an element. The number of 
protons in the nucleus of an atom is called the atomic number. 

The discovery of fundamental particles led to a modification of 
the Daltonian picture of an atom. It has helped to systematize chemical 
facts in ways that enhance our understanding of internal structure of 
atom. The discovery of electron had a strong bearing on the laws of 
classical physics (Newtonian mechanics) which were at one time, 
thought of as universal truth. They failed to describe the motion of 
electrons correctly. This resulted in the formulation of a mechanics 
called ‘quantum mechanics’. 

The observations that led to a gradual refinement and extension of 
the atomic theory are numerous indeed, a detailed description of all of 
them is beyond the purpose of this book. However, a brief account of 
some of the more significant breakthroughs is given here. 


42 CONSTITUENTS OF THE ATOM .: 

During the early 1800s, a number of scientists, most notably 
Humphry Davy and his assistant and successor, Michael Faraday (1791- 
1867) established the electrical nature of matter. The earliest evidence 
for the electrical nature of matter was provided by combing of hair. 

A comb acquires the ability to attract small pieces of paper and 
similar objects to its surface, after it has passed through dry hair. It was 
also established that substances like glass rod or ebonite rod when 
rubbed with silk or animal fur generated electricity. These experiments 
reveal that two types of charges exist. Benzamin Franklin is responsible 
for introducing the arbitrary convention that the electrical charge is 
‘negative’ when it has been generated from ebonite rubbed with animal 
fur, whereas the charge is ‘positive’ when it has been generated from 
glass rubbed against silk. 

In the 1830s Faraday studied the decomposition of salts, acids and 
bases by passing an electrical current through them. He summarized his 
observations in the form of two laws of electrolysis : 

1. The amount of a substance produced in a chemical change is di- 
rectly proportional to the amount of electricity passed during electroly- 
sis, i.e., 
me Q 
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or mise ft (Q-2It) 

or Wee RE 

where m = mass of the ions liberated or consumed, Q = quantity 
of eleciricity in coulombs, / = Current passed in amperes, г = time in 
seconds and Z = constant of proportionality. Z is taken as equal to 
electrochemical equivalent and is equal to the amount of the product 
when 1 ampere current is passed for one second, i.e., one coulombs of 
charge. 


electrolytes, the. amounts of the various substances liberated or pro- 
duced at the electrodes are in the ratio of their equaivalent masses. 

We know that one 5 equivalent of any substance requires one 
mole of electrons to react. Further, one faraday is the amount of charge 
equal to one mole of electrons. 

Thus, one Faraday, F = N e = 6.023 x 10? x 1,602 x 10-1 
96500 coulombs mol-. 

It is observed that when one faraday of electricity is passed 
through molten sodium chloride, 1 g equivalent or 23g of sodium atoms 


rine (CL) gas is evolved at the anode . These amounts remain fixed as 
long as the amount of electricity is one faraday. This is in agreement 
with the first law. The mole ratio is 2:1 which is in agreement with the 
Second law. 


4.2.1 Discovery of Cathode Rays (Electrons) 
One of the first significant advances, after the Dalton's atom, was 


made by J.J. Thomson (1898) and Lenard. They passed electric dis- 
charges through gases. This led to the discove 
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Fig. 4.2. Cathode rays travel in straight lines 
and cast shadow of the object placed in their 
pathupon the wall opposite the cathode. 
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Fig.4.3:Movement of cathode rays, They move 


instraightlines and 


originate at the cathode. 
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pressure, the glow fades, 
although current contin- 
ues to flow and the end 
of the glass tube with an- 
ode (the positive elec- 
trode) fluoresces (emits 
lights). The fluorescence 
at the anode of the tube is 
caused by the rays 
emerging from the cath- 
ode and moving towards 
the anode. These rays are 
called cathode rays be- 
cause they originate at 
the cathode. 

Thomson performed 
à series of experiments 
that permitted him to il- 
lustrate the important fea- 
tures of cathode rays. 
Their results are noted 
below: 

1. The cathode 
гауѕ travel in straight 
lines. When a metallic 
object is placed in the 
path of the cathode rays, 
a shadow is cast upon 
the wall Opposite the 
cathode (Fig. 4.2), 

Also, if a metal 
plate (Fig. 4.3) with a 
hole (anode) in it is 
Placed in front of the 
cathode, and the other 
end opposite the cathode 
is coated with a fluores- 
Cent substance, a bright 
Spot of light can be seen. 

The shadow of the 
metal object on the wall 
Opposite the Cathode and 
the size of the spot on the 


HIGH VOLTAGE fluorescent screen com- 
pared to the size of the 
hole (in the anode) show 
that cathode rays travel in 
straight lines. 

2. The cathode 
rays consist of particles. 
If a paddle wheel is 
placed in the path of the 
rays, it starts rotating 
Fig. 4.4. Cathode rays impart mechanical (Fig.4.4). This movement 
motion to a paddle wheel placed in their path. eastablishes that cathode 


PADDLE WHEEL 


They possess kinetic energy. rays consist of particles 
FLUORESCENT Which can impart their 
CATHODE ANODE SCREEN momentum to the wheel. 


3. The cathode 
rays consist of nega- 
tively charged particles. 
A magnet placed outside 

BRIGHT Ше tube causes the spot 
MAGNET SPOT of light to move at right 
angles to the direction of 
the magnetic field (Fig. 
4.5). The direction of the 
deflection suggests that 
à the cathode rays carry a 

BRIGHT — FLUORESCENT PeEative electric charge. 

SPOT SCREEN The cathode rays, when 
ANODE pass through a strong 
electric field, experience 
deflection (Fig.4.6). They 
move towards the posi- 
tively charged electrode. 
This also shows that the 
rays carry a negative 
charge. \ 

4. Тһе cathode 
Fig. 4.6 Effect of an electric field on cathode rays have same e/m irre- 
rays. They are deflectedby an electric field. spective of the nature of 
electrodes and gases used. J.J. Thomson studied the behaviour of these 
rays by passing them through both magnetic and electric fields. He 
adjusted the field such that the cathode гауѕ strike the fluorescent 
screen at the same spot when neither field is present (Fig. 4.7). Thom- 
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VOLTAGE 
Fig. 4.5 Effect of a magnetic field on cathode 
rays. They are deflected by a magnetic field. 
The downward deflection shows that the cath- 
ode rays are negatively charged. 
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son measured the ratio of 
the electric charge ‘e’ to 
mass ‘m’ of the particles 
in cathode rays by using 
this experiment. 

Thomson per- 
formed a series of ex- 
periments by using dif- 
ferent metals for elec- 
trodes and different gases 
in the tube. In all the ar- 
Fig.4.7 An assembly for the measurement of rangements, the charge 
e/mfor the particles constituting cathoderays. to mass ratio, e/m for 
cathode rays was found to be the same. 

This establishes that such negative particles form à common con- 
stituent of all gases. This has been found to hold good for other form of 
matter also. The value of e/m was found to be 1.76 x 10" coulomb/g 
and the particles were identified as electrons. 

4.2.2 Millikan's Determination ofthe Charge of an Electron 

Measurement of the charge, e on the electron which permitted 
calculation of its mass from the value of e/m was made by Robert Mil- 
likan an American Physicist. In an ingenious experiment (Fig. 4.8) Mil- 
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Fig. 4.8 Millikan's experiment for determination of charge of electron. 
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likan sprayed a fine mist of oil drops above a pair of metal plates. As 
the droplets found their way through a hole in the upper metal plate, the 
air between the plates was irradiated with X-rays. X-rays knocked elec- 
trons from nitrogen and oxygen (from air). Some of these electrons coll 
üded with the oil droplets and finally molecules got attached to them; 
thereby imparting negative charges to the oil droplets. 

He applied electric field on the plates (upper plate positive and 
lower plate negative) and then measured its effect on the rates at which 
charged oil droplets fall under the influence of gravity. He found that 
the downward motion of negatively charged drops could be slowed or 
stopped. He observed an individual oil droplet with a microscope and 
adjusted the charge on the plates until the force acting on the oil droplet 
due to the charged plates just balanced the force due to gravity. 

With the knowledge of the mass of a drop - measured by observ- 
ing its rate of fall in the absence of electric field and the quantity of 
charge on the plates required to keep the drop suspended, Millikan cal- 
culated the quantity of charge on the drop. He performed this experi- 
ment many times. He observed that the quantity of charge on the oil 
drop was 1.6 x 10-?C or an integral multiple of this charge since the 
oil drops could only pick up whole numbers of electrons. This sug- 
gested that the charge on the electron is 1.60 x10-?C. Using this value 


and Thomson's value for the ratio of charge to mass, we can calculate 
the mass of the electron. 


elm = 1.76 x 10° C/g 

Solving for m, the mass of the electron, we get, 
е 

"T. 136 x 10° СЕ 
Substituting e = 1.6 x 10—?C gives 

muss Ке 

1.76 x 105Cg— 
= 9.12 x10—58 or 9.11 x 10?! kg 

This experiment suggests that all particles contain the same 


charge. It also provides the conclusive proof for the existence of elec- 
trons. 


4.2.3 Discovery of Positive Rays (Protons) 

If electrons are observed near the anode i 
it logical to expect positivel 
ally, 


n à discharge tube, isn't 
De | у charged particles near the cathode? Actu- 
a radiation of this type has been observed by Eugen Goldstein 


(1886). He employed a discharge tube with perforated cathode as i 
‚Не as illus- 
trated in Fig. 4.9 and observed glow (at low pressure) at the end of the 
tube beyond the cathode. . This glow was caused by the rays emanating 
through the perforated cathode. These rays were called canal rays by 


m dd 


— чы 


apte 2: 
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Goldstein, since they moved 
towards cathode and finally 
passed through the holes (or 
canals) in the cathode . Un- 
like the cathode rays (which 
are not apparent unless they 
FLUORESCENT ` Strike an object that fluo- 


VOLTAGE SCREEN resces, such as glass), canal 
rays possess a luminosity of 
Fig. 4.9 Formation of canal rays. their own. Furthermore, the 


colour of the luminosity changes with the gas contained in the tube. 
Wilhelm Wien investigated Goldstein’s observations thoroughly and 
showed that canal rays are consisted of particles which are deflected 
towards the negative pole in an electric field and must, therefore, be 
positively charged. Wien determined the charge to mass ratio of these 
Particles using a technique similar to the one which Thomson employed 
in the studies of electrons. He obtained different results depending on 
the nature of the gas contained in the discharge tube. The charge to 
mass ratio for these particles was found to be much smaller than e/m for 
electrons. The value is maximum for hydrogen atom. The characteris- 
tics of cathode and canal rays are given in Table 4.1 


TABLE 4.1 Properties of cathode and canal rays 


Cathode rays Canal rays 
Composed of negatively charged Composed of positively charged ions 
particles, called electrons 
Move in straight lines Move in straight lines 
Possess kinetic energy and momentum Possess kinetic energy and momentum 
e/m of their particles is always the same e/m of their particles depends upon the 
nature of gas 


When an electron is removed from hydrogen atom, the positive 
particle left behind is called a proton (from the Greek word ‘protos’ 
meaning first) 

H Electric; Н" + P 

Atom energy Proton Electron 

The proton is a fundamental particle and a constituent of all at- 
oms whose charge is equal to that of the electron, but opposite in sign. 
The mass of a proton is equal to the mass of a hydrogen ion, i.e., 1.67 x 
107? kg (1.007 amu). 


4.2.4 Radioactivity 
In 1896, Henri Becquerel made a discovery that ultimately gave a 
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clear understanding about the arrangement of the constituents within the 
atom. Becquerel accidently found that radiation was given off by ura- 

- nium salts exposed to bright sunlight. He happened to see the marks of 
uranium sample when he developed a photographic plate that has been 
wrapped in a black paper to protect from the light and kept in the same 
place as the uranium salt. Since no light could penetrate the wrapping, 
he concluded that the plate has been fogged by some rays coming from 
a uranium salt. This phenomenon was called radioactivity and the 
substance emitting the radiation was called radioactive. 


Nature of Radiations 

The radioactive emanations from radioactive elements and their 
salts have been found to consist of three types of radiations (or rays), 
alpha (o), beta (B), gamma (y). Rutherford, during a long series of ex- 
periments, elucidated their nature. It was found that a part of the radia- 
tions was absorbed readily, whereas the rest of the radiations emitted 
without any difficulty. On passing the radiátions through magnetic (Fig. 
4.10) and electric fields (Fig. 4.11) radiations were found to be com- 
posed of three fundamentally different kinds of emanations a, p and ү. 
The characteristic properties of these radiations are given below: 

(а)о-Вауѕ : These consist of material particles possessing a mass 
four times and a positive charge twice that of the proton. Thus, these 


particles are helium nuclei. These particles have the ability to ionize - 


gases and penetrate matter. A thin layer of solid matter such as paper 
(Fig. 4.12) or glass can stop them. Therefore, these particles hardly 
penetrate into living system. The initial velocity of a-particles on emis- 
sion is very high and range 1-2 x 10’ ms~ to 3.2 x 10’ ms. 

They experience small deflections in a magnetic field due to their 
heavy mass and large momentum. They are highly energetic particles. 


(b) B-Rays: These consist of particles with a negligible mass and a 
unit negative charge, These are identical with electrons moving with a 
velocity of 9.6 x 10’ ms to 25 x 10’ ms~'. Their energy is lower than 
o-particles. These rays can also ionize gases, affect a photographic 
plate and penetrate matter. Their penetrating power is about 100 times 
more than &-particles and their ionizing power is 1/100 as that of о- 
particles because of their extremely low mass. They can be stopped by 
thin sheets of metal. These particles can penetrate into the tissues to the 
extent of hevi + slightly more. They deflect through a large angle in a 
magnetic field due t i i 
sea mee о their small mass and comparatively very small 
; (c)y-Rays: These are photons of very high ener 
with the velocity of light. They are Ves Mn ch ae ws 
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Fig. 4.10 Effect of a magnetic field on radiations 
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Fig. 4.11 Effect of an electric field on radiations 
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Fig.4.12 Relative penetrating powersofalpha, betaand gamma radiations 


magnetic fields. These rays are electromagnetic radiations of very short 
wavelength. These are similar to X-rays, but of even higher energy. 
They also affect photographic plates, ionize gases and penetrate matter. 
They penetrate about 10 to 100 times more than 8-rays. Their ionizing 
power is very low (1/100th of that of B-particles). 


Properties of these three types of radiations are summarized in 
Table 4.2 


TABLE 42 : The radioactive radiations 


Properties 


Q-Rays B- Rays y-Rays 
(0- particles) (B-partictes) 
Charge Positive (+2) Negative (-1) Natural 
Mass number 4 0 0 
Approximate mass 4 1 0 
Hew 1840 
Nature Helium nuclei, He Electrons Electromagnetic 
2 (1 electron), -1°¢ radiations 
(2 protor.s 2 neutrons) ; 
Velocity 1-2 x 10’ to 9.6 x 10" to 3 x 10* ms! 
3.2 x 10’ ms 25 x 10’ тз-! (velocity of light) 

Relative effect of elec- Small deflection Large deflection No deflection 
tric and magnetic fields 
Energy High Low Very high 
Relative 1 100 1000 
Penetrating power Short range Intermediate Long range 
Range in air a few cm afewm a few km 
Approximate thickness 0.002 cm 0.2 cm 100 cm 
of AI sheet penetrated 
by radiations 
Approximate tissue 0.01 cm 1ст 100 ст 
penetration 
Approximate comparative 10000 100 1 
ionizing power 
LBS SA S КЕТИК craps ы Туе Oe 
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4.2.5. Thomson's Model of Atom 

The discovery of electron and proton provided evidence against 
the indivisibility (оѓ atom. Itiwas now natural for the scientists to 
think of the structure of atom. A hydrogen atom could now be con- 
sidered to consist of two parts—a positively charged proton, accounting 
for all the mass of atom, and a negatively charged electron. 

Around the turn of the century, several attempts were made to 
extend this model of the hydrogen atom to a general one that would 
apply to all atoms. One such model was created by Thomson in 1904. 
He regarded the atom as consisting of a diffuse cloud of positively 
charged body (positive charge is uniformly spread throughout the 
spherical volume of the atom) in which negatively charged electrons are 
embedded throughout (Fig. 4.13). This has been referred to as the ‘plum 
pudding model’ by Thomson. His model could explain the phenomena 
of cathode ray production, light emission and ionization. However, no 
quantitative explanation could be achieved of these phenomena. 
-ELECTRON 


DIFFUSED CLOUD 
-HOF POSITIVELY 
[CHARGED MATTER 


Fig 4.13 Thomson’ s model of atom 


4.2.6 Rutherford's Experiment and the Nuclear Atom : (The Scat- 
tering of œ- Particles) 

Sir Ernest Rutherford (1911) directed a narrow beam of a-par- 
ticles (positively charged helium ion) from radioactive material towards 
an extremely thin strip of gold (Fig.4.14), and determined the subse- 
quent path of the particles (Fig. 4.15). 

A fluorescent screen was set up around the foil. He made the following 
observations : 
(i) Most of the a -particles passed straight through the metal foil to 
hit the fluorescent screen; 
(ii) Some о -particles were deflected through a small angle from their 
original paths; 
Gii) A few a -particles were deflected through very large angles; and 
(iv) Very few o. -particles actually bounced back in the direction from 
which they came. 
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Fig. 4.14 Rutherford's o. - particles scattering experiment. 
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Fig. 4.15: The general patiern of scattering of o. - particles by a gold strip 
made up ofatoms 
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Rutherford reasoned as follows : 

Since most of the œ -particles pass through the gold strip without 
experiencing deflection, there seems to be a lot of empty space within 
an atom. 

The angles through which the individual œ -group of particles are 
deflected vary widely. Deflections reveal the following : 

(i) The о -particles are deflected due to collision against the central 
part of the atom. 

(ii) The central part of the atom is positively charged, hence, the posi- 
tively charged о -particles are repelled by it. 

(iii) The fact, that verv few a -particles are deflected through large 
angles, shows that the positive charge is contained in a very small 
space. However, because the kinetic energy of a -particles is very 
large, only a massive particle with high charge within the metal 
atom could cause deflection through such large angles. 

(iv) Since the nucleus hold all the atom's positive charge, it also fol-. 
lows ;that the electrons in the atom are distributed outside the 
nucleus in the remaining volume of the atom. 

It is very difficult to imagine how small a nucleus really is? Its 
diameter is approximately 107 m compared to the atom itself whose 
diameter is of the order of 107? m. 

The scattering experiment provided a blow to the Thomson's 
model as in Thomson's model paricles could be deflected through small 
angles only. This is because the positive charge in this model is distrib- 
uted uniformly over the entire-volume (Fig.4.16) resulting in a weak 
field. 


Fig.4.16 Scattering ofa-particles onthe basis of Thomson’ s atomic model. 
It has been possible to estimate the positive charge on the nucleus 

by counting the number of o. -particles (or number of deflections) scat- 

tered in different directions. Thus, it could also be possible that the 
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charges on different nuclei are always integral multiples of the electron 

charge but with the opposite sign. 

Rutherford, therefore, concluded as follows: 

(i) Mass of an atom and its positive charge are concentrated in a very 
small region called the nucleus - the atom is mostly 'empty 
space’. 

(ii) The nuclear charge is balanced by negatively charged electrons 
revolving round the nucleus. 

(iii) The magnitude of the charge on the massive nucleus is different 
for different atoms and is nearly one half of the numerical value 
of the atomic mass. 

Rutherford, thus, described that each atom consists of a nucleus 
(positively charged) around which electrons (negatively charged) are 
revolving (Fig. 4.17). In the atom of an element the number of electrons 
is the same as the number of protons in its nucleus. Further to account 
for the stability of the atom, he Suggested that the electrons revolve 
round the nucleus with high velocities. The centrifugal force so pro- 
duced counterbalances the coulombic force of attraction between the 
oppositely charged particles (Fig. 4.17b). 
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Fig. 4.17 Rutherford's planetary model of the atom. 


This was a beautiful model. Its log: 
since it seemed to be like our solar s 
sun ). However, the planets and the su 
ticles. Figure 4.18 illustrates the vari 
periment. The concept of the nuclear 
the observations made in the scatterin 


4.27 Discovery of Neutron 


ical simplicity was impressive, 
ystem (planets move around the 
п are not electrically charged par- 
ous features of the Scattering em- 
atom provides a firm Support for 
g experiment. 
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Fig. 4.18 Scattering of © - particles on the 
basis of Rutherford's nuclear model of the 
atom. 
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James Chadwick 
(1932) showed the existence 
of neutrons (neutral par- 
ticles) as well as protons in 
the nucleus of atoms by 
bombarding boron, beryl- 
lium or lithium metal with 
a-particles (Fig.4.19). He ob- 
served that the radiations 
emitting from the metal did 
not experience any deflec- 
tion in the magnetic field. 
Hence, Chadwick noted that 
these radiations must consist 
of particles that did not pos- 
sess any electrical charge. 
On allowing these radiations 
to strike a block of paraffin 

ME 
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j Fig. 4.19 An assembly to produce neutrons. 

placed in their path, protons were ejected from the paraffin. The par- 

ticles in this new form of radiation were able to collide with hydrogen 

atoms (paraffin contains hydrogen atoms) and cause their ejection by 
TABLE 4.3 Properties of atomic particles 


Particle Symbol Mass Charge Location 
Electron е 1/1840 ofa Negative charge Revolves round 
hydrogen atom 1.6X10- the nucleus 
coulomb (1 unit) 
Proton р Equal to thatof Positive charge; Present inthenucleus 
ahydrogenatom ^ equal and opposite to 
thatofelectron (1 unit) 
Neutron n Equal to thatof Nocharge Present in the nucleus 
ahydrogenatom 


151 


direct collision. Chadwick 
observed that only a раг- 
ticle similar in mass to the 
proton could be able to 
collide with hydrogen at- 
oms. He called these par- 
ticles, the neutrons. Table 
4.3 lists the basic physical 
Properties of the atomic 
particles. 

With the discovery 
of neutron, the general 
picture of the atom has 
Fig. 4.20 Atoms are composed ofprotonsand emerged as given in Fig. 
neutrons in the nucleus; the electrons are 4.20. Protons and neutrons 
presentoutside the nucleus. occupy the small sized 


electrically neutral, 


43 ATOMIC NUMBER 
Rutherford’s work established that the mass of an atom and the 
of its nucleus are essentially equal since the mass of electrons is 
very small. He could not assign a precise positive charge to the nucleus. 
The magnitude of this charge was found by Henry G.J., Moseley (1913) 
through experiments with X-ray spectra. From Moseley’s relation, it 


atom of the element. Thus, 
Atomic number, Z = p=e 
Moseley’s work thus allows us to state that : 


All hydrogen atoms have 1 electron and nuclei having a charge of 
+1. 


All oxygen atoms have 8 el 
All sodium atoms have 11 
+11. 


Thus, nuclear charge determines the chemical identity of an atom. 
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€ctrons and nuclei having a charge +8. 
electrons and nuclei having a charge 


The element to which an atom belongs is, therefore, determined by its 
number of electrons or its nuclear charge, and not by its mass. Moseley 
suggested that atomic number was more significant than the relative 
atomic mass in determining the properties of elements and could be the 
basis of classifying elements. 


4.3.1 Mass Number 

The total number of protons and neutrons contained in the nucleus 
of an element is called its mass number. Jt is denoted by A. The mass 
number is always a whole integer. Thus, 

Mass number, A =n+p 

=n+Z 

Protons and neutrons are collectively known as nucleons. These 
particles are extremely tightly packed together in the nucleus. The dif- 
ference of mass number and atomic number equals the neutron number. 
Thus, 

A - Z = Number of neutrons 

For a hydrogen atom, the mass number is equal to its atomic 
number because there is no neutron in a hydrogen atom. A helium atom 
contains 2 protons and 2 neutrons. Therefore, the mass number of he- 
lium atom is 4. A particular atom with an atomic number of 17 and a 
mass number of 35, therefore, contains 17 protons and 18 neutrons in 
its nucleus and has 17 extra-nuclear electrons. 


4.3.2 Isotopes 

The mass of an atom is mainly attributed to the masses of protons 
and neutrons contained in its nucleus ( the electrons have negligible 
mass). Since the relative atomic masses of proton and neutron are virtu- 
ally equal to one, it would be presumed that all the elements would 
have their relative atomic masses very close to whole number. But this 
is true only in а few cases, e.g., helium, oxygen and aluminium. The 
relative atomic masses of helium, oxygen and aluminium are 4.0026, 
15.999 and 26.982 respectively. The relative atomic masses 
of other elements are far from whole numbers, e.g., neon 
(20.183), magnesium (24.312) and chlorine (35.5). Now the question 
arises as to why the relative atomic masses of some of the elements are 
not close to whole numbers ? In nineteenth century chemists were able 
to determine relatively accurate atomic weights for all the elements. 

Now: take the case of chlorine for which the determined atomic 
mass is 35.5. The atomic mass of chlorine due to 17 protons and 18 
neutrons is (17х1.0+18х1.0) 35. The explanation of this difference and 
the answer to the question raised earlier has been given by considering 
the existence of isotopes. Naturally occurring chlorine consists of two 
isotopes, one represented by i С1(75%), and the other by " CI (25%). 
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The avergae atomic mass of chlorine is 
25 2x d ш 
35 x 100 + 375% 100 = 26.25 + 9.25 = 35.5 

In 1911, F.W. Aston also showed that atoms of some naturally 
occurring elements have slightly different masses. Thus, atoms of the 
same element that possess different masses are called the isotopes of the 
element. Isotope is a Greek word. ‘Iso’ is for same and ‘tope’ is for 
place. Therefore, the isotopes of an element occupy the same place in 
the periodic table. Isotopes have the same number of protons (or 
same atomic number) but different number of neutrons (or different 
mass number) in their nuclei. 

As the isotopes of any element have the same number of protons, 
they should also have the equal number of electrons. Therefore, they 
show similar chemical properties because these depend upon the elec- 
tronic configuration of the atom. Neutrons have little influence on the 
chemical properties of elements. They contribute to the mass of the 

: atom and are responsible for the existence of isotopes. 

Isotopes have different physical properties such as densities, melt- 
ing and boiling points and some other physical properties. This is be- 
cause of the fact that isotopes contain different number of neutrons in 
their nuclei. 


4.4 ELECTRONIC STRUCTURE OF ATOMS 

Rutherford had determined that most of the mass of an atom and 
all of its positive charge are located in its tiny nucleus in the centre of 
the atom, surrounded by enough electrons to make the atom electrically 
neutral. This model of atomic structure is able to explain some proper- 
ties of the elements-the existence of isotopes - but it still does not ex- 
plain their chemical and physical properties. 

When atoms react with each other, it is only their outer cores that 
ever come in contact. Their nuclei never come close to each other. 
Therefore, since it is the electrons that make up most of the volume of 
the atom, chemical similarities and differences must somehow be re- 


е те origins іп attempts to explain the 
nature of light and its interaction with matter. 


4.4.1 The Nature of Light 
For thousand of years philosophers and-scientists have debated the 
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nature of light. Issac Newton (1642-1727) proposed that light has a cor- 
puscular or particle nature, i.e., that it consists of a stream of ener- 
getic particles. Dutch physicist Christian Huygens (1629-1695) ad- 
vanced a belief that light consists of waves of energy. There was an 
apparent conflict between the two theories describing the nature of 
light. However, most scientists supported the Newton's corpuscular the- 
ory which explained fairly well all optical phenomena known at that 
time. The reflection and refraction of light were adequately explained. 

New observations made later could not be explained within the 
framework of particle theory. In particular, the theory failed to explain 
the value of the velocity of light in water. The experimental value 
turned out to be smaller than the velocity of light in air. The particle 
theory also failed to explain the phenomena of interference and diffrac- 
tion of light discovered by Thomas Young. 

At the beginning of the 19th century, the Huygens wave theory 
of light received a wide recognition. The wave theory proved to be es- 
sential in accounting for interference and diffraction. The wave theory 
was further developed and perfected by Young and Fresnel. Thus, the 
wave concept became firmly established. 

The most striking effect of light that is not in accord with the 
wave concept is the photoelectric effect discovered in 1888 by Heinrich 
Hertz. However, to explain the photoelectric effect using the quantum 
theory, Einstein was required to think of photons of light as if they were 
particles. Thus, there emerged the idea that light has a dual character, 
i.e, light has wave properties as well as corpuscular properties. 


Light is a kind of electromagnetic wave 

In 1879, Maxwell demonstrated that light, magnetism, and elec- 
tricity are related quantitatively. He further showed that oscillating elec- 
trical charges emit electromagnetic radiations as they lose energy. 
Light is, thus, a kind of radiant energy or electromagnetic radiation 
(radiant enrgy is classically considered to be a wave phenomenon). 
Thus, the mechanistic wave theory of light was replaced by the electro- 
magnetic wave theory. 

Maxwell showed that all the then known properties of light could 
be accounted for with the help of energy relations based on the electro- 
magnetic wave nature of light. 

The maxwell wave theory of light, considering radiation as a con- 
tinuous process, also failed to explain some optical phenomena. It was 
later supplemented by the quantum theory of light, accoriding to 
which the energy of a light wave is emitted in certain packets, viz., 
quanta or photons which depend onl on the length of the light wave. 
Thus, according to modern ideas, light has wave properties as well as 
corpuscular properties. 

155 


Electromagnetic waves and spe 


The word "electromagnetic" 


has electric and magnetic field 
perpendicular to each other and 


ctrum 

originates from the fact that the wave 
components that oscillate in direction 
perpendicular to the direction in which 


the wave is travelling (Fig. 4.21) 


ELECTRIC FIELD 
COMPONENT 


Aw WC, 
S eee 


NS 
Ww 
Ала ча, ч. 


еге 
ее 


BS NS 


MAGNETIC FIELD 
COMPONENT 


Fig.4.21 Electromagnetic waves. 
Unlike matter waves, li 


; ultraviolet region (around 1016 Hz) a 
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Fig.4.22 : Electromagnetic spectrum, i.e.,a complete range of electromag- 
netic waves; expanded region of visible radiation. 

component of sun’s radiation ; X-rays (around 10'?Hz) and visible re- 
gion (around 10!5Hz. Our eyes can detect only the visible region of the 
complete élcetromagnetic spectrum. Special instruments are necessary 
to detect all other types of radiations. 


Characteristics of waves 

Some characteristics of waves are illustrated in Fig. 4.23. Waves 
are variations within some medium such that there is a displacement or 
disturbance of the medium which increases and decreases in a periodic 
manner. 

There are five characteristic properties associated with any kind of 
wave, i.e. wavelength, frequency, wavenumber, velocity and amplitude. 
(i) Wavelength : It is the distance between any two successive crests 
(or troughs), i.e., “points of equal displacement on successive waves." It 
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Fig. 4.23 Characteristics of waves. Any wave can be described by its wave 


length, frequency, amplitude, and speed(c = AV ).The energy of a wave 
is conveyed by its amplitude. 


is usually designated by the Greek letter lambda, X and is measured in 
terms of Angstrom units À-10—9m ) or nanometre, nm (1 nmz10—m). 
(ii) Frequency : It is. the number of complete cycles (waves) or wave 
crests that pass a given point in 1 second. It is usually represented as 
cycles per second (cps), i.e., second which is given the special name 
hertz (Hz), 

IHzz1s- 

A frequency of 20 Hz means that 20 wave crests pass a given 
point in 1 s. It is designated by the Greek letter nuy. If there аге 
У waves per second that pass a given point and if the length of each 
wave is À , the distance travelled by the wave in 1 s is УА. This 
distance travelled is the velocity (or speed) of wave, y 

v=Av 


(iii) Velocity : The distance travelled by the wave front in one second 


is called its velocity (v). 
Since light and all other types of electromagnetic radiations have 
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a velocity of 3.00 x 10* ms~ in vacuum ; this velocity is given the 
symbol, c, 

с = AW=3.00x 10* ms 
(iv) Amplitude : It is the height of a crest or the depth of a trough. It is 
designated by the letter, A. The energy per unit volume stored in a wave 
is proportional to А?. For light, the intensity or brightness is propor- 
tional to A?. 
(v) Wavenumber : It is the number of wave crests traversed per unit 
length. It is designated by V. It is expressed in units of reciprocal cen- 
timetres, 1/ст or ст. It is the reciprocal of wavelength, i.e., 


у 


Exercise 41 АП India radio, Delhi broadcasts at a frequency of 14.2 
MHz (magahertz). What is the wavelength of the radio waves emitted 
by the transmitter. 
Solution: The wavelength j= — 
c = 3.00 x 10* ms! y 
у= 14.2 x 105 Hz or 14.2 x 10 s! (mega means х 105) 
Substituting these values , we have 
3.00 x 108 ms! = 21.1 m 
14.2 x 105 s! 


Exercise 4.2 What is the wavelength of the various types of light hav- 
ing frequency as shown against each other, 


Green light's v = 6,67 х 10“ Fz 
Violet light's у = 7.31 x 10^ Hz 
Red light у  =4.57 x 10“ Hz 


Solution : Since rrequeucy and wavelength are inversely proportional 
to each other A = с/у 
Substituting the value of c and y , we get, 

Green light 3 x 10* ms = 4.50 х 107m 

A= -667х 10" s 
Violet light } 3X 10° x ms? z4.x107m 

7131 x 10^ s 

Red light 3.0 x 10* ms! = 6.56 x 10-7 т 


А Ту 001. S52 


Exercise 4.3 What is the frequency ef visible region extending from 
violet (400 nm) to red (750 nm). 
Solution : Since inm = 10m 


Frequency of violet light y — E poate = 75x 10145-1 
Frequency of red light He E E 24.0 x 10 i 
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4.4.2 Light and Energy 


Light is a form of energy. Sun light is a big source of solar 
energy. This energy has been utilized for various purposes. During win- 
ter, we always love to sit in the sun. How much energy is carried by 
light ? The answer to this question found its origin in the work of Max 
Planck (1900) and Albert Einstein (1905). They proposed that a beam 
of light consists of small bundles of energy called light quanta or pho- 
tons, and that the energy, E, of a photon is proportional to its 
frequency, 

E=hy 
where his a constant, called the Planck’s constant. The value of 
h is 6.63 X10—* Js ог 3.99 Х 10—13 kJs mol—, 

This expression holds good for all forms of electromagnetic radia- 
tions. The description of light in terms of photons amounts to saying 
that light has a corpuscular (particle) character. 


4.4.3 Interference and Diffraction 

Light is an electromagnetic wave and it behaves like any other 
wave, €.8., waves on water surface. If waves are generated at two points 
close together the waves spreading out from these points interferes with 
each other and produce an interference pattern. In general, the two 
waves travel a different distance to reach the same point. In traversing 
the distance, the crests of the two waves line up and arrive together, at 
some points, producing a wave of larger amplitude. At other points, the 
crests of one wave and the troughs of the other will arrive. The two 
waves cancel and produce a zero amplitude at that point (Fig. 4.24). 
When light is passed through two very small openings (slits) that are 
very close together, an interference pattern with a series of alternately 
bright and dark spots (or lines) is obtained on a screen placed behind 
the partition with openings (Fig. 4.25) 

When waves come across some 
This property is known as diffraction. Thus, li 


pread out as they emerge 
diffraction depends on the 
hole. If the size of hole for 
of the light, a blurred im- 
roduced. This image is dif- 
S can be produced with cer- 


Because diffraction and interference patterns are produced only 
by openings, slits and other obstacles (or Objects) comparable in size to 
the wave length of light they are not readily observed, Light produces 
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Fig, 4.24 Constructive and destructive interference 


SCREEN 


SLIT 1 DAA ERS SQ NN AM A- BRIGHT 

LIGHT SOURCE ' АМА ММУ KN 
WA С] ANNU 

Cy) | | ү SAM 
|||! WAW 

5 EY 


C - BRIGHT 


ES IP 


55200 
Е ОРАН 
p TVA ШШ Б 
TROUGH CREST iE / Wirt E - BRIGHT 
TROUGH 
SUT 2 CREST 


Fig. 4.25 The interference pattern of two sets of waves of the same 
wavelength. Identical waves from two holes interact in phase and out of 


phase producing the alternating pattern of bright and dark areas. 
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Because diffraction and interference patterns are produced only 
by openings, slits and other obstacles (or objects) comparable in size to 
the wave length of light they are not readily observed. Light produces 
sharp images of objects of ordinary size. It, therefore, appears to travel 
in straight lines like a beam of particles. 


4.4.4 Photoelectric Effect and the Particle Nature of Light 

When a beam of light is allowed to fall on a metallic surface, 
electrons are emitted from the surface. These electrons can set up an 
electric current (Fig. 4.26). This phenomenon is known as the photoe- 
lectric effect, and the emitted electrons are called photoelectrons. The 
following observations are shown by the experiments. 


CATHODE 


RADIANT 
ENERGY 


Fig. 4.26 Detecting the photoelectric effect. Radiation of Sufficient energy 

causes the emission of photolectrons from the cathode. The photoelectrons 

ejected from the irradiated plate are attracted by the anode which finally get 

attached to it, completing the electric circuit andallowing currentto flow. 

1. For each metal there is a frequency of light, Ye i.e., the critical 
frequency, below which no electrons are emitted. 

2. At frequencies, y greater than Je һе kinetic energy of the 
emitted electrons is proportional to Y— Vo 

3. The number of electrons emitted per second (current) is propor- 
tional to the intensity of light, but is independent of the frequency 
50 long as it is above the critical value stated in 1 above. 


4. The number of electrons emitted is also independent of the energy 
of light. 


5.  Thekinetic energy of the electro 
of light, but depends upon on 

6.  Electrons are emitted from 
(less than 10— s after the su 
low-intensity light. 


ns is independent of the intensity 
the frequency (or wavelength) 

the surface almost instantaneously 
rface is illuminated), even with very 
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These observations could not be explained by the wave theory of - 
light. According to classical theory, electrons should accumulate energy 
and should be released when they have enough energy to get away from 
the metal atoms. Thus, if light is made more energetic, then the current 
should increase even though the light intensity remains constant. The 
| answer to these observations was given by Albert Einstein in 1905; the 
| light behaves as though it consists of particles, given the name photons. 
| Each photon has energy which it can transfer to a single electron 
during collision and disappears from existence. The electron may then 
have sufficient energy to escape from the metal. A part of its energy is 
used to overcome the attractive forces which keep the electron bound to 
the metal and the remaining energy appears as the kinetic energy of the 
emitted electron. 

Energy of photon =. Energy needed to + Kinetic energy of 
overcome the attractive emitted electrons 
forces on the electron 

orhv = W+KE 

4.4.5 Atomc Spectra 

A beam of white light on passing through the prism emerges as a 
spectrum containing all the wavelengths on the screen (Fig.4.27). The 
| dispersion of the light through the prism is observed on the screen as a 
continuous spectrum displaying a gradual blending of colours from red 
| through orange, yellow, green, blue and indigo to violet. 
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Fig. 4.27 Dispersion of white light,such as sunlight by a prism- production 
of a continuous band of its constituent wave, lengths, which we perceive as 
a band of colours. Colours correspond to light of different wavelengths and 
different energies. 

If the source consists of atoms of an element such as hydrogen or 
sodium (from a gas discharge tube) the entire pattern projected on the 
screen is quite different from that obtained with white light. In the case 
of hydrogen the observed spectrum consists of a number of discrete 
lines projected on the screen [(Fig. 4.28 (а)]. Figure 4.28 (b) shows 
some lines in the visible region of the spectrum. Obviously, the visible 
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Fig. 4.28(a) Production of hydrogen spectrum 
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Fig. 4.28(b) Visible Portion of the spectrum of hydrogen. The Balmer series 
oflinesin the hydrogenemussion Spectrum 


light emitted by hydrogen does not contain radiations of all wave- 
lengths, as sunlight does, 
A study of many elements shows that the spectrum of each ele- 


mean of identifying the element. Al- 
‚ the spectra of various elements do exhibit some 
regularities in the features of any one 


energy) becomes unstable and tends to release all orap 


energy (electromagnetic radiation) absorbed, which on refraction gives 
a spectrum characteristic of the aotmic species. Such a spectrum is 
known as an atomic spectrum. It is evident that if there is no restriction 
on the energy absorbed, the emitted light will result into a continuous 
spectrum. 

Around 1860, Robert Bunsen and Gustav Kirchhoff built a spec- 
troscope to spread out the light emitted by elements as they were heated 
in flame. With their spectroscope, they found that the light emitted was 
not composed of a continuous band of colours as is white light but 
contained only certain wave lengths (line spectrum). The emission spec- 
trum of various elements was found to have a characteristic set of lines, 
so line spectra come to serve as ‘finger prints’ for the identification of 
elements. Rubidium, caesium, and a number of previously unknown 
elements were discovered between 1868 - 1880 through the observation 
of their spectral lines. Alkali metals like, Li, Na and K and alkaline 
metals like, Ca, Sr and Ba are detected in qualitative analysis by flame 
est. 

- The study of atomic spectra has been helpful in elucidating the 
nature of electron behaviour in atoms. Atomic spectrum is sometimes 
cailed line spectrum as it is composed of a series of bright lines at a 
few distinct wavelengths and total darkness everywhere else. Each line 
corresponds to a definite frequency. The frequency of the radiation 
emitted from an atom is a quantitative measure of the energy change 
experienced by an electron in that atom. The relation between energy 
and frequency is given by the Planck’s expression (E = hy ). Atomic 
spectrum is also called emission spectrum since it relates to light emit- 
ted from atoms. The opposite is an absorption spectrum, obtained if 
white light (light of all visible wavelengths) is passed through a sub- 
stance. Black lines are seen where light of some wavelengths has been 
absorbed by the substance. This spectrum is clearly related to the emis- 
sion spectrum. On examining the spectrum of sunlight certain dark lines 
did not correspond to the absorption spectrum of any element then 
known on the earth (1868). The element was therefore called helium 
after the Greek helios, the sun. Helium was, of course later discovered 
on the earth by Ramsay in 1895 (after 27 years). 

The hydrogen atom gives the simplest pattern of lines. Figure 
4.28 (b) shows the lines which appear in the visible region of the spec- 
trum, Some more lines can also be seen in the infrared and ultraviolet 
regions. In 1885, Balmer showed that the wavelengths of all the lines in 
the visible spectrum of hydrogen could be related by an equation in the 
form, 

l zy (m3) = Constant (2, E 2 

A И Ы 
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where А is the wavelength and п is a whole number that can have 
values equal to or greater than 3 (3, 4, 5, 6, ......and so on). Thus, when 
п= 3, А = 656.475 nm. Similiary when n = 4, 5 and 6 we compute À 
to be 486.3, 434.2 and 410.3 nm respectively. The constant is the 
Rydberg constant (К) which has a value 109677.581 cm? 

All of the lines related by the above expression constitute Balmer 
series. Other series of the lines were also observed in the atomic spec- 
trum of hydrogen and the wavelengths of the lines within each series 
can be found by the Rydberg equation. 


uen R aie ) (where n, > n, ) 
À п? ni 

Where n, and п, are integers that may assume values of 1,2,3 ...о© with 

the requirements that n, is always greater than n,. Thus, when n,= 1 the 

value of the n, can be 2,3,4..... and the series is known as the Lyman 

series and it is located in the ultraviolet region of the electromagnetic 


spectrum. This and other series are summarized in Fig. 4.29 and Table 
4.5. 
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Fig. 4.29 Series of lines in the hydrogen spectrum 


With increasing energy (towards higher frequencies) in each re- 
gion, the lines become progressively less intense and closer together 
until the continum band of closely spaced lines is reached, 


Exercise 4.4 Calculate the wavelength of the first line in the Balmer 
series for hydrogen. 


к : The Rydberg equation gives the reciprocal of wavelength. 


1 1 
=. — к 
X 09677 cm ( s : т ) 
For the Balmer series (Table 4.5) п = 2. The fitst line @ А 
у aed ine in the 
would correspond to n, - 3. Ву substituting we get, MS 
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ДЕЛЕ 10657 36 aqu? 
Taking the reciprocal gives 
362. 


es ——— ы а= —9. 
LE ser 05 Й nmz10-?m) 


TABLE 4.5 Seriesoflines inthe hydrogenspectrum 


Series n, n, Special reglon 
Lyman 1 2,34... Ultraviolet 
Balmer 2 34,5...... Visible 

Pachen 3 4,56... Infrared 
Brackett 4 5611.2 Far infi 

Pfund 5 6,1,8....... Far infrared 


4.4.6 Atomic Spectraand Rutherford'sModel 

Rutherford’s X-ray scattering experiments provided the concept of 
a nuclear atom, according to which an atom consists of a heavy posi- 
tively charged nucleus surrounded by lighter negatively charged elec- 
trons, which occupy most of the volume. This model seemed to be per- 
fectly analogous to the relationship between the sun and the planets of 
our solar system. Further, the coulombic force of attraction (9.4/0) 
between the oppositely charged particles (electron and proton) is mathe- 
matically similar to the gravitational force, (Gm, mr" between а 
planet and the s un. According to Newtonion theory, planets describe 
well defined orbits around the sun which persist fo r ever. It could also 
help in calculating the trajectory of the planets which are well in agree- 
ment with experimental measurements. Accordingly, electrons in the 
planetary model of the atom should move around the nucleus in well 
defined calculable orbits. A body pursuing à circular path gets acceler- 
ated because of changing direction constantly. Similarly an electron is 
accelerated. Maxwell's electromagnetic theory showed that accelerated 
(oscillating) charged particles lose energy continuously in the form of 
radiations. However, the planets and the sun are not electrically 
charged,hence, they continue to move without losing any energy. 

Thus, as the electron revolveds about the nucleus, it would have to 
emit energy. The only way in which the electron could compensate for 
this energy loss would be to make a smaller orbit., i.e., a decrease in 
orbital radius would have to take place. Thus, with the continuous loss 
of cnergy, the orbital radius would continue to decrease until the elec- 
tron spirals into the nucleus (Fig. 4.30). In the process, orbiting electron 
emits radiation continuously portrarying a continuous spectrum contrary 
to the observed line spectrum. This view of the orbiting electron chal- 
langes the stability of the atom. However, the atom, in a manner char 
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ELECTRON acteristic of all mat- 

O ter does not tend to- 

NUCLEUS ward self-destruction, 
Obviously, ѕоте 

more modifications 

CN were required to 

a0 Solve the puzzle. 


4.4.7 Bohr's Model 
of the Hydrogen 
Atom—a Particle 
Model 
Fig.4.30 : Electron orbiting constantly around the Rutherford’s 
nucleus. The collapse of the Rutherford's atom.As atomic model pro- 
it travels around the nucleus, the electron radiates vides a reasonable 
energy and approaches the nucleus in а Spiral view of the atom but 
path. j it does not convey 
regarding thé positions of electrons relative to each other and to the nu- 


Structure of atom, He retained the main features of the nuclear model 
and proposed some modifications, He incorporated quantum arguments 


1. пе nucleus іп certain circular Orbits 
(known аз energy levels) only without emitting electromagnetic radia- 
tions. 


represents the lowest 
energy level. A per- 
son climbs up or 
down a ladder by 
going from one rung 
to another rung. 
Similarly, an elec- 
tron car jump from 
one energy level to 
another. A person 
while climbing up 
the ladder cannot 
Stop between the 
rungs. In a similar 
way elecron cannot 
stop between the 
Fig. 4.31 Bohr's model of an atom. energy levels. To. 
jump from one en- 
ergy level to the next one, an electron must gain/lose just the right am~ 

. ount of energy. (Fig. 4.32). 
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r Fig. 4.32 The energy levels in a Bohr's atom are similar to the rungs fixed 
| onaladder 
2. An electron neither loses nor gains energy if it keeps moving in one 


of these stationary states. 
An electron in the lower/higher lying level may be transferred to a 
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"7 
higher/lower energy level by absorption/emission of a quantum of en- 
ergy (AV) equal to the energy difference between the two levels whose 
frequency, У,, is given by the relation, 

АЕ = ЕЕ Ву.................... (4.1) 

where Л is Planck’s constant and E; and E, are the initial and final 
values of the energy of the electron respectively. 

3. The only orbits in which an electron can travel are those in which the 
angular momentum of the electron be an integral multiple of 4/2 л. As 
long as the electron remains in such orbits, it does not radiate energy. 
Therefore, mvr, = nh/2x............... (4.2) 

where л, an integer= 1,2,3 .......... and so on. 

Significance of Bohr's Postulates 

Rutherford considered that electron could occupy апу orbit 
around the nucleus, while Bohr Suggested that electron could move in 
certain circular orbits (stationary states) only in which an electron can 
reside without the emission of radiant energy. 

It was to account for atomic Spectra that Bohr suggested that an 
electron moves in circular orbits round the nucleus. A set of possible 
energy levels of the hydrogen atom that could rise to the observed spec- 
trum is shown in Figs. 4.33 (a) and 4.33 (b). 
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Fig. 4.33 (a) Permitted electron orbits 
which give rise to atomic Spectra, 
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Fig. 4.33 (b) Energy level diagram of hydrogen atom 


Then the situation permits the frequency „y to have distinct value as 
well. Thus, an atom can be characterized by its energies and the emitted , 
frequencies. 

The third assumption amounts to a quantization of the angular 
momentum and all the physical variables (such as energy, radius, etc). 
related to ic by the usual definitions. He assumed that the hydrogen 
atom spectrum could be explained if the electron moved in those 
planetary orbits that limit the angular momentum to integer multiples of 
h[2 п 

The energy of the levels in Fig. 4.33 is given by the expression. 

2.1 


wa oe 
n n 
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in which m = mass of the electron, e = the value of the charge on the 
electron, Z = number of charges, h = Planck’s constant, n = an integer 
of value 1,2,3.......... ‚ and E, = energy cf state n. Since Bohr used quan 
tum theory to propose the existence of allowed States, they are known 
as quantum states of the atom, The integer ‘n’ which determines the en- 
ergy is called a quantum number, 


The energy (E.) of each Stationary state in the hydrogen atom is, 
1312 
El Ud. Kimo! 


Since the lowest permissible: value of the lowest energy level, 
called the ground state has a value of -1312 kJ mol- The negative sign 


gen atom is ionized, Thus, to ionize a hydrogen 
1312 kJ of energy is required, 

The ionization energy of an isolate 
therefore, 1312 К] atom—. Bohr’s energ 
duces the hydrogen line Spectrum, This i 
4.5. 


d gaseous hydrogen atom is, 
y expression correctly repro- 
S well illustrated by Exercise 


Solution : We have energy levels п = 2 and n = 3 
Es SU mo HE,=—1312. к] moja 


The energy liberated : - EAE 
fy ES = 21312 (1/3? ~ 1/22) 
571312 (1/95 1/4) 
7—182.2 kJ mol 


Energy per atom = 1822 NT 
6.023 x 19% К atom 


= 3.03 x 10-19 J atom—! 


This energy refers to the energy carried by one photon. To calculate the 
wavelength we use Planck’s equation, E = py 
y 


hc ( 


i =e 
огА= AC. Sine Y = M 


Substituting the value of h = 6.63 x 10-575 and 
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*23.00x10* ms“, ме ре! . 
_ 6.63 x 10-* Js x 3.0 x 10% ms! 
3.03 x 10- J 

= 6.56 x 107 m 

= 656 nm 
This value of А corresponds to the first line in the Balmer series for 
hydrogen atom. 

Accordingly, the fact that the energy of an atom can have only 
distinct quantities of energy and none in between is phrased by saying 
that “the energy of the electron is quantized” (i.e., put in one packet). 
The statement, the electron in an atom can possess only distinct quanti- 
ties of energy" can be put in other words also, i.e.. the electron moves 
only in certain energy levels in the atom. 

By the application of this theory, Bohr was able to calculate the 
wavelength of the main lines of the spectrum of hydrogen and hydrogen 
like atoms or ions such as Н“, Li”, etc, with a reasonable accuracy, and 
also the radius of hydrogen atom. It failed to predict the spectra of 
more complicated atoms. Bohr's ideas were not found adequate to TUNE 
the problems of the electronic structure of the aioms. 


Exercise 4.6 Calculate the wavelength of radiation and the energy per 
mole required to ionize a hydrogen atom in the ground state. 
Solution : To get the ionized hydrogen, it is necessary to promote the 
electron to a level that is infinitely high, so л, = 0 Using the Rydberg's 
equation, ; 
3x -- 109677 em (h — d) " 
À PEU 
` In the units of frequency the equation becomes, 
v--G29x 10559 (7, DE d 
2 
substituting for n, and n, (ground state) we get, 
y 2-G29x 05s (1;— i)- 3-29 х10'5 
a Jf 


A = с =+ 30x10 ms" 24912x10-5m-91nm 

y 3.29 x 105 s 

The radiation is in the far ultraviolet region of the spectrum of hy- 

drogen atom. 
"AEZRhVW = 6.63 х 10 Js x 3.29 x 105 s 

= 2.18 x 10—!* J/atom 

= 2°18 x 10-?? J/atom = 1.313 x 10° J/mole 

6.023 x 10? atom/mole 

= 1313 kJ mol? 

The experimental value is 1312 kJ mol 
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Shortcomings of Bohr's Model 

The great success of the Bohr’s model was in its ability to ac- 
count for the lines in the hydrogen atom spectrum. It had serious de- 
fects for all other atoms which have more than one electron. But still it 
opened the way to quantum mechanics. In view of the accepted quan- 
tum mechanical model of atom, the additional failures of the Bohr's 
planetary model can be listed as given below : 

Even for atoms with one electron, it failed to explain the fine 
Structure (groups of closely spaced lines) of the lines. The fine structure 
is observed when a single spectral line in the spectrum splits into very 
closely related lines under a spectroscope of strong resolution. The 
splitting of a single spectral line into even more closely spaced lines in 
the presence of magnetic field (the Zeeman effect) could not be ex- | 
plained. 

In view of the de Broglie’s dual character (wave-like and particle- 
like) of material particles (electron, proton, atom, etc.) the transition of 
electron from one permitted orbit to another is not adequate. 

‚ According to Bohr’s theory an electron has a well defined trajec- 
tary. Thus, it appears feasible to locate the position of the electron but 
this is found to be impossible in view of Heisenberg's uncertainly 


principle according to which it is impossible to measure simultane- 
ously both the exact position and ex 
ticle. 


Quantum Mechanical Model of the Atom 

The resolution of difficulties encountered with the Bohr's model 
began in 1924. A French physicist Prince Louis de Broglie suggested that 
Bohr's integers (n = 1,2,3) and Planck's wave— particle theory of radiation 
(light is a form of electromagnetic radiation) could be reconciled if all 
moving particles (electrons, protons and atoms) were considered to exhibit 
wave-like motion*. Louis de Broglie on the basis of his mathematical 
argument proposed that the wavelength associated with a particle of mass, 
m and the speed, v is, : 


CU Eh. i = = 
X muU E (Since m y = momentum =p) 


act velocity of a material par- 


1 ГОИ. 
* Most of the phenomena pertaining to light are described in terms of wave nature. A photon of 
light behaves both like a particle and a wave. Louis de Broglie advanced in 1924 the concept of 
particle-wave. Ittumed out that photons follow the two fundamental equations : 
Ez һу (Planck'sequation).......... (1) 
E- mc (Einstei'n equation) ....... '.(2) 
Combination equations (1) and (2), mc? = hv or hv = mc 


с 
Since х= substitute the value of v in equation (3) 

7, me Or f= meah= a. E (Since mc = momentum -p) 

The above expressions is called the de 

properties such as mass with wave properties suc! 

relationship for the motion of particles such as 


Broglie equation and it correlates the particle 
has wavelength. de Broglie assumed the same 
electron, viz, А-А. 

mv 


wherc v is the vclocily 
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lS ea aa ee LIU ee; 

He was led to propose this equation on the basis of Einstein's theory 
of relativity according to which the momentum of a photon is given by the 
expression, 

h 

р 

Diffraction pattern produced by passing а beam of fast moving 
electrons through a crystal provided enough support to the de Broglie's 
concept. The wavelength of a fast mvoing electron falls in the X-ray region 
andis considerably shorter than that of visible light. This fact has been made 
use ofin developingan electron microscope. The ordinary microscope limits 
the size ¢500nm) of the object that can be observed in the visible range only. 
An object smaller than the wavelength of visible light cannot be observed 
with clarity as diffraction blurs the image. 

However, the electron microscope can distinguish object as small 
as 0.1 nm because the electron travelling at high speed is much smaller than 
the wavelength of visible light. The ordinary and electron microscope are 
based ujpon the wave-like behaviour oflightandelectron respectively. 

A localized particle's position in space can be accurately defined: 
whereas a wave is spread out in space. Is it possible to define the position of 
electron in space ? If it behaves like a particle, we should be able to locate 
it precisely. Butifitbehaves like wave, we cannot do so. A German physicist, 
Werner Heienberg, tried in various ways to find the position of an orbiting 
electron but all in vain. He concluded in 1927 that there are definite 
limitations on the accuracy with which one can define the position of an 
electron. He showed that, ; 

"There is an uncertainly Ax in the position and an uncertainty Ap 
inthe momentum of subatomic object likean electron." 

This statementis known as uncertainty principle. 

Heienberg showed that the lower limit of this uncertainty is Plank's 
constant divided by 4 Thus, 

(AP, AX z ne) 

4X 


Here A p, is the uncertainty in the momentum in the x direction 
andAx is the uncertainty in the position. The Sign z, means the term A 
Py Ax can be either greater than or equal to but never smaller than h . If 
A p, is decreased x increases and vice-versa. 4n 

According to this principle, the more accurately one of these 
variables is specified, the more uncertain is the other. For instance, if 
velocity (or momentum) ofa particle isdetermined with great accuracy , its | 
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Exercise 4.7 Calculate the wavelength of an electron moving 3.0 x 1010 
cm s~ and of a baseball of 100 g moving at 3.0 x 10? cm s 
Solution: The mass of an electron is = 9.1 x 10-31 kg; Л is 6.6 x 10-34 
Js or kg m? gi 5 У 15 3x 109 om s— Or 3 x 108m s—, Thus, 
substituting the value of m, h and in the relation А = Адуу 
^^ 34 kg m? si i 

Me TEST eres 10  kgxms-ci = 24x10—m 

The mass of a baseball is 100g or 0.1 kgA"is 3 x 103 ст SE 
ог3х 10 ms- 

Substituting for m, h anda: 


6.6 x 10-34 kg m? s! 


Exercise 4,8 What is the Product of uncertainty in position and veloc- 
according to Heisenberg's un- 


Solution : From Heisenberg's uncertainty principle, 


Ax, дүр. ЖОЙ 
41 
ог AX толу A 
4л 
h 
Ах. Av. A 
x m47t 


Substituting the value of m of an clectron, we Obtain, 


6.6 x 10—54 kg m?s-! 
AX. vV = а КЮ П 
Xd won en, kg 
=57x 10 m?s 7 


In Bohr’s model, the electron was supposed to move around the 


х F es 
cloud, which is densest at those points where the electron is most likely 
to be found and less dense where it is less likely to be found. A proba- 
bilty cloud is also often called an electron density cloud or an oribtal. 

Thus, the orbital of an electron is a part of space around the nu- 
cleus, where the electron stays most of its time and has a maximum 
probability of being traced. 

The probability information, in turn, can be used to construct pic- 
tures (Fig. 4.34) of the region in space in which we are likely to find 
МАЙСА PS gox PROBABILITY OF 
КООМУ FINDING ELECTRON 
^N. INSIDE THIS LINE 

m. 


зм 
sot 
se eee, 


sei vd A 
“See 4-7 


Fig.4.34 Circular cross-section of spherical boundary-surface enclosing 90- 
99% probability spacefor 1s orbital 

the electron. The probability of finding an electron is greater near the 
nucleus and less away from the nucleus.In Fig. 4.34 a circular cross 
section of the boundary surface is superimposed over the electron den- 
sity picture. Thus, the probability density representation for an electron 
is termed as electron orbital. Eleciron orbitals in atoms are called 
atomic orbitals. 

In each orbital, the electron has a definite energy. The energy is 
lower if the electron density is pronounced near the nucleus. This is be- 
cause the electron is strongly attracted when it is close to the nucleus. 
The change in energy from one orbital to another is not continuous but 
discontinuous, i.e., energy is quantized. f 

A numbcr of orbitals are possible in a hydrogen atom. They are 
characterized by their size, shape and orientation. In turn, size, shape 
and orientation depend upon the concentration of electron density over a 
certain region and along certain directions. 


4.4.9 Quantum Numbers 

According to wave mechanics, the energy levels in the atom are 
composed of one or more orbitals. In atoms that have møre than one 
electron, the distribution of the electrons about the nucleus is described 
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уз ме OEE dv. type or energy levels that are occupied. Therefore, 
to understand the arrangement of electrons in space it is necessary to 
examine the energy levels. This is best accomplished through a discus- 
sion of quantum numbers done below : 

The first and perhaps the most important quantum number is 
called the principal quantum number which is Symbolized by letter 
“п”. It refers to the average distance of an electron from the nucleus. In 
a general way, it describes the effective volume of an electron orbital, 
i.e., size, The distance is related to the energy of the electron. ‘n’ can 
have positive integral values 1,2,3, and so on referring to the first (or 
K), second (or L), third (or M), etc., main energy levels of the electrons 
in an atom. 

The second quantum number is known as angular momentum 
quantum number, It is also known as azimuthal, orbital, subsidiary 
or secondary quantum number, It is designated by the letter /. It de- 
termines the shape of the spatial region in which the electron is most 
probably found. It turns out that the numerical value for ‘/’ can again 
be only integral number АЗ NEED d upto 7-1. 

Each principal energy level may be split into a number of sublev- 
els (orbitals) according to the values of |. Thus when n = 1, [= 0 which 
means that the first level is not split. When л = 2, / can be 0 and 1 so 
that the second principale energy level is subdivided into two. In fact, 
the number of sublevels is equal to the value of n. Thus, / accounts for 
the appearance of the orbital. 

To understand the distribution of electrons in the atom, each sub- 
level is described by a letter depending on the values of л and l. Any 
sub-level for which / =0 is described by the letter ‘s’. A sub-level with / 
7 1 is described by letter ‘P’ ; sub-levels with / = 2,34, etc. are desig- 
nated by letters ‘a’ ‘f° ‘g’, etc. respectively. The value of п is placed in 
front of each letter, Thus, 1s represents the energy level for which n = 1 
and | = 0 ; 2 p corresponds to n = 2,1 = 1: 3d corresponds to n = 3 M 
= 2, This has been illustrated in Fig. 4.35. The letters chosen were 
derived from spectroscopic terms. 

The third quantum number is known as the magnetic quantum 
number. Under the influence of the strong magnetic field some of the 


nes the orientation of a moving electron with the external 
eld. The fact that spectral lines are split into a finite number 
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QUANTUM’ SUB-SHELL 


SHELL NOTATION 

n=4 
n=3 

a 36 == =~ (120) 

ese eS ERE US (=!) 

-—2?%-----(1=0) 

п=1|-----———!5-----(1:0) 

ENERGY LEVEL 
NUCLEUS OF FREE ELECTRON 


Fig. 4.35 Atomic enregy levels 


Fig. 4.36 Splittin » of the D-lines in the sodium spectrum in a magnetic field 
(a) without magn :tic field (b) with magnetic field. 


of discrete line indicates that only a finite number of orientations are 
possible. These orientations are described by the Cartesian axes X, Y 
and Z. 

The valu:s that m, can take are limited by the value of /. They 
are -1,- ([—1), ---—1,‚ 0, + I-----(1 — D)1, +l. Thus, if / is zero m, can only 
take the value zero. If | = 1, m, can be -l, 0 and + 1. If 1 = 2, m, can be 
-2, -1, 0, +1, +2. Since there are 2/ + 1 values of m, for every given 
value of /, it follows that in the 2p level (or in fact any p-level) there 
are three values of m, (+1, 0 and -1). Each value of m, represents an 
atomic orbital. Thus, there will be three p orbitals for every value of n 
greater than 1. These p orbitals can be arranged in three different ways 
along the three co-ordinate axes, i.e., p, p, and р, Similarly there is 
only a single s orbital for each value of n, (when / = 0) and five а 
orbitals (d > dy» d,, da,x, and d,,) for every value of n = 3 or more 
(when / = 2). 
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These three 
quantum numbers 
were found ade- 
quate to describe all 
the orbitals in at- 
oms. To account for 
a doubling of cer- 
tain single spectral 
lines (predicted by 
Bohr’s theory), seen 
in the spectra of at- 
oms with only one 
electron in the va- 
lence shell, “a fourth 
Fig. 4.37 Clockwise and anticlockwise spins of ^ quantum number 
electrons around their own axes. was introduced as 
the phenomenon could not be interpreted in terms of the previous quan- 
tum numbers. It was proposed that these two lines originated from a 
moving electron spinning about its own axis. The spinning can be 
clockwise and anticlockwise (Fig. 4.37). Hence, this quantum number is 
called the magnetic spin quantum number. 

The spin quantum number, designated by m,, has a value of 
either + 1/2 or -1/2 for any orbital of a specific л, / and m, value. For 
example, for n = 2, | = 0, and 1. There is one orbital (s) corresponding 
to the m, value of zero for / = 0. There are three orbitals (the 2p orbi- 
tals) corresponding to the m, values of + 1, 0,-1 for / = 1. For each of 
the orbitals, there is a + 1/2 and a - 1/2 value of the m, 

The four quantum numbers are listed below along with the values 
that may be assumed by each. 

n = principal quantum number 


+1/2 


Зы аы ир; 
l = angular momentum quantum number 
SHO Г on. (n - 1) 
= m, magnetic quantum number ( for any velue of n ) 
УЕЛА ДЫКА СЕ + (1-1), +1 
(for any value of /) 
m, = magnetic spin quantum number 
= + 1/2, -1/2 


Every permitted combination of the three quantum numbers, n, I 
and m, ( a set of permitted values for the orbital) corresponds to a 
different electron orbital. All orbitals with same value of the principal 
quantum number, n are said to be in the same principal electronic shell 


or principal level and all orbitals with same value of / are in the same 
sub-shell or sub-level. 
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The principal shells are numbered according to the value of n. At 
times, they are also denoted by letters. 

The energy of these orbitals for a specific shell say 4th shell, 
follows the sequence : 

4s <4p<4d<4f 

The various orbitals have different energies and their arrangement 
according to increasing energy is shown in Fig. 4.38 and Fig. 4.39. 


d 
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Fig. 4.38 Energy level diagram for hydrogen. The boxes depict orbitals. The 
various orbitals have different energies and are arranged in the increasing 
order of energy. In the case of hydrogen, energy levels are a function of 
principal quantum number. Hence, all the orbitals of the given principal 
shell of the hydrogen atom have the same energy. Orbitals with the same 
energies are said to be degenerate’ . 
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Fig.4.39 Energy level diagram for atoms containing more than one electron. 
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4.4.10 Pauli's Exclusion Principle 

This important principle was advanced by Wolfgang Pauli (1925) 
on the basis of experimental observations. It states that no two elec- 
trons in any atomic orbital can have all the four quantum numbers 
identical. Thus, two electrons in any atomic orbital with same values of 
п, 1, and тү must have two different values of the spin quantum num- 
ber, m, i.e., either + 1/2 or —1/2. In effect, this limits the number of 
electrons in any atomic orbital to two, and it also requires that the spins 
of these two electrons be in opposite directions, i.e., one has an ‘up’ 
spin clockwise and the other a ‘down’ spin anticlockwise. Thus, the 
maximum number of electrons that each s, p, d and f orbitals and 
different energy levels can have is given in Table 4.6. 


Table 4.6 Distribution of electrons among the orbitals and quantum levels 


Principal Angular Magnetic Spin quantum Designation Maximum Total num- 
quantum momentum quantum number, m, oforbital number of ber of elect- 


numbers quantum number mj; Every one electrons rons in 
number,/: valuesrange value of / in energy main energy 
values range form «/ has two sublevel level 
from 0 to n-1 1 - 1 values 
for m, ie., 
+ 12,42. 
1 
(K-shell) 0 0 *12,—12 15 2 2 
2 
(L-shell) 0 0 *12,—1/2 2s 2 
1 +1,0,-1 + 12,172 2p 6 8 
3 
(M-shell) 0 0 +12—1/2 3s 2 
1 +1,0,—1 + 1/2,—1/2 3p 6 
2 +2,+1,0,-1,-2  «12,—12 3d 10 18 
A ‚ 
(N-shell) 0 0 *12,—1/2 4s 2 
1 *1,0-1 + 1/2,—1/2 4p 6 
2 +2,41.0-1,2 -+12,—12 4d 10 
3 4342,410-1-2-3 + 12,—1/2 4f 14 32 


From the limitation on the permitted values of the quantum numb- 
ers, the numbr of orbitals in a shell of number л is given by n?. Since it 
is not possible to have more tnan two electrons in any one orbital, the 
Maximum number of electrons in a shell must be 2n? (Table 4.6), Fig- 
ure 4.40 portrays permissible combinations of n, / and m,and т. 
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Fig. 4.40 Portraying of permissible combinations of n, l, m, and m, The 
maximum number of electrons which s, p, dand f sub-shells can accommo- 
date is also shown 

Evidence for sub-shells (Orbitals) of Electrons and Distribution of 


Electrons Among the Orbitals 
Figure 4.41 is a graph plotted between the first ionization energies 
of the elements against atomic numbers. To arrive at the information 
required, the graph can be divided into parts ending with a noble gas. 
The graph between one noble gas and the next can also be divided - 
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Fig. 4.41 First ionization energies of the elements 


into sub-divisions. These sub-divisions contain either two, six, ten or 
fourteen points on the graph. For example, after He, Ne and Ar there 
are deep troughs in the graph followed by small intermediate peaks at 
Be; Mg and Ca, i.e., sub-divisions of two points. Immediately after Be 
and Mg there are groups of six points (B to Ne and Al to Ar). Between 
Sc and Zn there is a sub-division containing ten points. 

in fact, the points on the graph in Fig. 4.41 between one noble gas 
and the next correspond to the filling of one shell with electrons. This 
means that the sub-divisions of points corresponds to sub-shells of elec- 
trons, Thus, the studies of both ionization energies and atomic spectra 
provide evidence for the presence of sub-shells (orbitals) among each 
quantum shell - and it also confirms the distributions of electrons 
among the orbitals as suggested through Table 4.6 and Fig. 4.40. 
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The electron structure of an atom can, therefore, be described in 
terms of its sub-levels (orbitals) occupied by electrons. A number 
(1,2,3, etc.) is used to denote the energy level (Figure 4.35), a letter ($, 
p, dor f) to denote the sub-level and superscript to indicate the number 
of electrons in the sub-level. 

Thus, potassium has 2 electrons in the 1s sub-level (i.e., 18°) 
2 electrons in the 2s sub-level (i.e., 2s?) 
6 electrons in the 2p sub-level (i.e., 2p) 
2 electrons in the 3s sub-level (i.e., 3s?) 
6 electrons in the 3p sub-level (i.e., 3p9) 
and 1 electron in the 4s sub-level (i.e., 4s') 
The graph (Fig. 4.41) also shows that the electrons always occupy the 
lowest available energy sub-levels and that electrons *pair-up' as soon 
as each sub-level is half-filled. 
4.4.11 Shapes of Orbitals 

The orbitals are directly related to the probabilty of finding an 
electron in space around the nucleus. Generally, they are portrayed in 
the three dimensions using the Cartesian coordinate system (X X, 
7, axes) as a ‘frame of reference. It is seen that the various types of orbi- 
tals have characteristic shapes. 

The shape of an orbital depends on the value of the quantum 
number l. For an 5 orbital (1 = 0) the shape is sphere, showing that all 
directions are equally likely to be inhabited by the electrons. The size 
of the orbital depends on the value of the principal quantum, n. 

The electron cloud [Fig. 4.42 (a)) illustrates the probability of 
finding an electron in 1s orbital at certain positions near the nucleus. 
The density of dots is proportional to the probability of finding the 
electron at a specific point. Thus, the electron density falls of smoothly 
and rapidly with increasing distance from the nucleus although it never 
reaches zero. It is not possible to draw a picture of the orbital that in- 
Y 7 cludes all these dots 
as the pattern of dots 
extends in all direc- 
tions and to all dis- 
tances from the nu- 
cleus, but it is pos- 
sible to include the 
major share of 


Ne 
(A) DENSITY DOT (B) BOUNDARY the electron cloud 
ENTATION pelts 
DIAGRAM REPRES within a boundary 


Fig.4.42 Elecronprobabilitydiagramsfor 15: (a) surface and it is cus- 


density dot diagram, and (b) boundary represen- tomary to represent 
E the orbital by а 


tation 
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single boundary line [Fig. 4.42 (b)] enclosing about 90% of the electron 
density. 

For every value of n, both / and m, assume zero value. Hence, all 
s orbitals in other energy shells, such as 2s, 3s, 4s, etc. are spherically 
symmetrical about the nucleus. 

Probability distribution pattern for an electron in 2p orbital does 
not assume a spherical symmetry. From the limitation on the permitted 
values of quantum numbers, there can be three p orbitals (р,, р, and p,). 
They acquire dumb-bell shape and are oriented along the three mutually 
prependicular X, Y and Z axes (Fig. 4.43), They are equal in energy. 


Px. 


р, 
(i i)” 


The five 3d orbitals are shown in Fig. 4.44. Similar to р orbitals 
they also have directional characteristics. The basic shape of the d or- 
bital is a four-lobed picture. The d,2 orbital is not in conformity with the 
usual picture. The lobes are aligned along the Zaxis together with a tyre 
Surrounding the Zaxis, The Чо 2 orbital is similar to d Orbital but 
rotated through 45° (energy for do 5 and d,: is same but different for 


dy d, and d). This is directed along X and Y axes. The three d. , d, 


and d., orbitals are alike and only differ in the plane which contains the 
Ee planes are oriented to make angles of 45° with axes AY 
and Z. 


Difference between Is and 2s 
Figure 4.45 illustrates the pattern of electron density distribution 
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Fig. 4.44. Boundary representation of the shapes of five d orbitas. 
; 7 in 1s and 2s Or- 
Y bitals. The prob- 
ability of finding 
the electron in 1s 
orbital decreases 
as the distance 
я from the nucleus 
2s increases. 
From Fig. 
Fig.4.45 Electron density diagramfor 1s and 2s orbitals 4.45 it is evident 
that in 2s orbital there are two spherical regions - one closer to the : 
nucleus and thé other fprther away from the nucleus. Both these regions 
depict the probable electron density distribution. Thus, the important 


(higher energy $ orbitals having large radii). There is another significant 
feature of the 2s electron cloud that there exists a spherical region at an 
intermediate distance (undotted) where the probability of finding an 
electron is zero. This is called a nodal surface. 


, and 2p, and 2p, 

All the three dumb-bell shaped 2p orbitals have directional prop- 
erties. TWO lobes acquire different algebric signs i.e., +ve and -ve. [Fig. 
443 (i), Gi), (iii)]. The three equivalent 2p orbitals difter only in their 
spatial orientations. The orbitals have regions of high probable electron 


Difference between 2p. 
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density along each axis. Each has one plane of zero electron density 
(eg., YZ plane in 2p,). It is called a nodal plane. 


4.4.12 Electron Configuration of atoms (Aufbau Principle) 

A designation which characterizes each electron in an atom is re- 
ferred to as the electron configuration. The electron configuration of an 
element depicts the location and energy of the electrons. You are al- 
ready familiar with the rules of writing the electron configurations of at- 
oms. After learning about orbitals, it becomes appropriate to reconsider 
the topic and understand some additional features. 

An atom in its lowest energy state is said to be in the ground 
State, stable or normal state. When an atom contains several electrons, 
they are assigned to orbitals according to the following rules, which are 
known collectively as the *Aufbau principle’ (aufbau in German means 
buildig up’) 

(i) In building up atomic Structure, electrons seek to enter the 
orbital of the lowest energy. According to a defnite pattern of orbitals 
the order is 1s, 2s 2p, 3s, 3p, 4s, 3d, erc. (Figs. 4.46 and 4.47). 

(ii) A single orbital cannot have more than two electrons. when 
two electrons occupy the same orbital they must be of opposite spin 
(Pauli's exclusion principle). К 

(iii) In a set of degenerate orbitals (orbitals of the same energy) 
the electrons occupy 
each orbital singly with 
the same spin before any 
pairing occurs (Hund’s 
tule of maximum multi- 
plicity). 

There is another 
simple mnemonic device 
for electron configura- 
tion. This device sug- 
gests the use of six in- 
verted similar triangles 
as shown in Fig 4.47. 
On the left side, s orbi- 
tals are portrayed and 
the right side is used for 
P orbitals, The middle 
two bases are devoted to 
d orbitals and the upper 
most two bases to d and 
f orbitals, The triangle 


ONO 
ONORORO 
GO NC NC NONIS NC) 
Ө ШАО ОХО ONG 


Fig. 4.46 Sequence for filling the orbitals 
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Fig. 4.47 Another simplelway for. filling orbi- 
tals 
I. Sodium (Z= 11) 1s’, 28, 2р, 


п. Sodium (Z=11) 


up of each 


(orientation of electron spin), upward arrow ( 
|, ) corresponds to 


clockwise). 
tion. It depicts certain 


is read, from bottom to 
top and from left 10 
right. Starting at the 
vertex labelled 1s; you 
follow the leftside to the 
point labelled 2s and 
read across the base line 
to the point labelled 2р 
on the right side. This 
procedure is followed 
unit all the electrons 
have been used. 

Keeping in view 
the above given rules, 
two methods are adopted 
to designate electron 
configurations. For ex- 
ample sodium is repre- 
sented, 
3s! 


total number of electrons in each orbital. 
orbital with the help of arrows 


Л) corresponds to m, = + 
m,= — M2. (anti- 
the electron configura- 


d its electronic configura- 


tion. Some examples given below explains the Hund’s rule explicitly. 


For example, 


Boron (Z = 5) [1 | mi 
Carbon (Z = 6) [A] 


The 6th electron goes into a new 2р orbital. 


Nitrogen (Z= 7) ЕЯ 


The 7th electron also goes into р 
the three 2p electrons are with parallel spins. 


Oxygen ( 7. = 8) EE 
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a new 2p orbital. Thus, 


in nitrogen all 


Өт eee ust go into an orbital already occupied with an elec- 


tron 


Flourine (Z =9) : 


The 9th electron goes into one of the two orbitals containing single 
electron with parallel spins. 


Neon ( Z = 10); 


With the 10th electron in the neon atom all the orbitals are fully 
occupied, and thus, the second principal energy level is filled. 

The electronic configuration of potassium explains that in arriving 
at electronic configuration the orbital with lower energy is always pre- 
ferred over the orbital with higher energy. 

Potassium (Z- 19); 152, 2s?, 2р5, 352, 3p$, 4s! 


larly we can have for calcium, i.e., 
Calcium (Z = 20); 1s? 252, 2р6, 352 452 
Since the first 18 electrons represent the configuration of argon, the 
configuration ofcalciumcan be writtenas, Ca; (Ar) 4s? 
Nowthe21stelectron willpopulatethe 3d Orbital. Th us, 
Scandium (Z 721) (Ar) 3d! 4g? 
Similarly zinc (Z=30); (Ar) 3d!9 452 


Stability of Filled and Half Filled Orbitals 
Another factor that affects the ground State electronic configura- 
tion of certains atoms is the tendency for orbitals to become completely 


filled and exactly half-filled. For example, for chromium , Cr the elec- 
tronic configuration is 


Cr (Z = 24); (Ar) 3d5 4s! 
Instead of Cr ( Z = 24); (Ar) 3d'4g : 
This unexpected result occurs because a half-filled sub-shell pos- 


In the case of copper, Cu the completely filled sub-level possesses 


extra stability. Another example of this kind of deviation using 5d and 
4f levels is given below : 


Gd (Z = 64); (Xe) 46 652 
(Expected configuration) 
Gd (Z = 64) (Хе) 40 sq: 6s? 


(Actual configuration) 
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| Thus, in the case of Cr, Cu and МО, Ше uncapaiea ese 
explained on the basis of the added stability of a completely filled or 

half-filled subshell. This concept of extra stability for half-filled and 

completely filled orbitals, is also seen in cases where the afubau prin- 

ciple is followed. For example, N, P and As show unusual properties 

(e.g., unusual high ionization potentials) because they all have half- 

filled subshells. Similarly, Zn, Cd and Hg show some unusual properties 

because they all possess completely filled subshells. Thus, the p°, рё, d$, 

d'^, f and < configuration, which are either filled or half-filled, are 

more stable. 

In case of Gd and similar other cases (elements with higher 
atomic numbers), the variations are not because of the enhanced stabil- 
ity of filled or half-filled subshells. 

In conformity with the above rules and dicsussion, electron con- 
figurations of the elements are given in Tale 4.7. 


TABLE 4.7. Electron configuration of the elements 


_ ES eo 


Atomic number Element Electron configuration : 
NER 0o o US TUUE л чо шш ee 
1 H 1s! 
2 He 1s? 
3 Li [Не] 25! 
4 Ве 25? 
5 B 2522р! 
6 c 282p! 
7 N 2522р? 
8 о 2s?2p* 
9 F 2522р? 
10 Ne 1s?2s?2p* 
11 Na [Ne] 35! 
12 Mg 3s? 
13 Al 3523р! 
14 Si 3923р? 
15 Р — —3s3p 
16 S а ү 
17 сі SLEI 
18 Ar 1S'2s?2p%3s73p* 
19 K [Ат] 4s! 
20 Ca 452 
21 Sc зам 
22 т оры? 
23 M —__—§ 34°43? 
3d*4s! 


iS 
Q 
С 
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TABLE 4.7 Contd. 


Atomic number Element Electron configuration 
125 Mn ———3d*4s? 
26 Fe ——3d%s? 
27 Co —— —3d/4s? 
28 Ni — — 3dMs? 
29 Cu — — —3d'4s! 
30 Zn — —3d!4s2 
31 Ga —  — Ad'4s44p! 
32 Ge — ——J3d'4sg 4p? 
33 As — —JAd'4s4p? 
34 Se — — 3d'4spt 
35 Br — — —3d'^4s44p* 
36 Kr ——18'28?2p 3523p 3d 194 s24p5 
37 Rb [Kr] 5s! 
38 Sr — 53 
39 Y ———_4d!§5? 
40 Zr ————4425$? 
41 Nb ———— Ad'5s! 
42- Fi. Mo —— — AdSs! 
43 Te ————445$2 
44 Ru ————4475! 
45 Rh —— —— 4d'5s! 
46 Pd ЕА 10 
47 Ag ———44'05;! 
48 Cd ыным Ет 
49 In 4d "955251 
50 Sn —4d"95525,2 
51 Sb ———4d°5525p? 
52 Те ————44!9525р‹ 
53 І 44'°5$25рз 
2 Xe 1928213231344 за ридо збе 
55 Cs [Xe] 6s* 
56 Ba PE ay A 
3T La аса 
58 Се —————4[6$? 
d Pr — — 46s! 
e Nd ——4%г 
61 Рт ————46$1 
62 Sm i lanen 
ex Eu — ires 
m Gd ————4(54'6 
6з Tb. 40657 
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Atomic number Element 


66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 


Dy 
Ho 
Er 


(Ku) 
(Ha) 


TABLE 4.7 Contd. 


Electron configuration 


——4f"6? 
EEE 
IG? 

= 0962 
—— 4% 
TARLEN ET 
Af5d'6s? 
—— ÀAfsd'6s: 
— ——Af"54d*6s? 

— ——Af''5dt6és? 

— ——At'5dt6s? 

— —At'5d'6s? 

— —Af"*Sd*6s! 
Af" 5d'6s! 
— —Af"5d'és? 

— — —Af"Sd'*6s!6p! 
Af Sdhéstóp? 
— —— Af'*Sd'?6s!6p? 
— — Af Sd'6s6p* 
4Г*54'°6з26р° 


——__12272р35°3р#3494524р*4494Р“5525р°54 965°6р* 


[Rn] 75! 

75? 
ИЛИНЕ: TIUS. 
art 
LI 2-5p6dUus 
зева 
ШВ... гг. 
Шоо HTS 


аала 
ае 


5064179 
KASESER 
PIELEEN FOE 
52те? 
sm 
spes 
225746479 
5096279 
8056077 
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4.1. 
0) 


ii) 


Gii) 
(у) 


(у) 


(vi) 


(vii) 


(viii) 


(ix) 


(x) 
(xi) 


SELF ASSESSEMENT QUESTIONS 
Multiple Choice Questions 


Put а (іск ( V ) mark against the suitable choice: 

Which one of the following descriptions of cathode rays is not correct ? 
(a) Moveinastraightline 

(b) Depend upon thenature of the gas used in adischarge tube. 

(c) Cast shadow of the solid object placed in the theirpath. 


(d) Are deflected towards the positive pole of the magnetic field, 
Isotopes of an element have : 


(a) same number of neutrons 

(b) same atomic numbr 

(c) same atomic mass 

(d) same number of protons 

Which of the following arrangements of electrons represent aluminium ? 
(a) 2.81 (b)2,8,2 (с) 2,8,3 (d)2, 8,4 

Which of the following statements is not correct for Bohr's model of atom ? 
(a) The nucleus of an atom is situated at its centre. 

(b) The electrons move in circular orbits. 

(c) Electrons can jump from one orbit to another. 


(d) Ап electron neither loses nor gains energy in jumping from one orbit to an- 
other. 


Which of the following statements is not correct ? 

(a) The whole mass of an atom is concentrated in the nucleus. 

(b) | Valence electrons are involved in chemical bond formation. 

(c) Atomic number represents the number of protons contained in the nucleus. 

(d) Both deuterium and tritium contain 2 protons each. 

When alpha particles are sent through a thin metal foil, most of them go straight 

Ihrough the foil because (IIT 1984) 

(a) alpha particles are much heavierthan electrons. 

(b) alpha particles are postively charged. 

(c) most part of the atom is empty space. 

(d) alpha particles move with high velocity. 

The radiation from a naturally occurring radioactive substance as seen after deflec- 

tion by a magnetic field in one direction are : (ПТ 1984) 

(a) definitely alpha rays, 

(b) definitely beta rays, 

(c) both alpha and beta rays. 

(d) either alpha or beta rays. 

[е set of four quamtum numbers for the valence (outermost) electrons of rubidium 
=37) is; 

(а) 5,0,0,+1/2 (b) 5,1,0,+1/2 (с)5,1,1,+1/2 (d)6,0,0+1/2 


Which electron leve! would allow the hydrogen atom to absorb a photon but not to 
emit a photon ? (IT 1984) 


(a) 3s (b) 2p (c) 2s (d) 15 

The radious of an stomic nucleus is of the order of : (ПТ 1985) 
(а) 107"? cm (b) 10-?cm (c) 10-!5cm (d) 10cm 

Rutherford’ alpha particle scattering experiment eventually led to the conclusion 


that: | ; (Т 1986) 
(a) mass and energy are related. 


(b) electrons occupy space around the nucleus. 
(c) neutrons are burried deep in the nucleus. 
(d) the point of impact with matter can be precisely determined. 
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(xii) 


(xiii) 


(xiv) 


(xv) 


(xvi) 


42 


43. 


Which one of the following sets of quantum numbers represents as impossiDic ar- 


rangement ? (IIT 1986) 
n 1 т, т, 

(а) 3 2 -2 12 

(b) E 0 0 12 

(c) 3 2 3 12 

(d) 5 3 0 -12 

The wavelength of a spcetral line for an electronic transition is inversely related to 

(a) the number of electrons undergoing the transition. (IIT 1988) 


(b) the nuclear charge of the atom. 

(c) the difference in the energy of the energy levels involved in the transition 

(d) the velocity of the electron undergoing the transition. 

The outermost electgronic configuration of the most electronagative element is : 
(IT 1988) 

(а) nsnp (b) nsnp* (c) nnp (d) п?пр* 

Which of the following atoms bas the largest number of unparied electrons in its 

ground state configuration ? 

(a) Co (b) Mn (c) Zn (d) Ag 

Of the quantum state designations given below which does not describe an allowed 

state for an electron in an atom ? E TH 


I PU Pu МЕ. Cae He tol AM. "NIE E 

П SVO ЖЕЕ Ер UR па 0 

ш ate З = Om. = -1 

IV FLUE TAA og NS cere Pu ra 0 

у п = БА = СМТ, c E 

(а) 1апа 15 (b) 2 and 13 (c) 3 and 14 (d) 3 and 15 

Match the descriptions in column B with the terms/statements in Column A. 

Column 'A' Column 'B' 

1 Mass of an atom (i) Determines ће size of the orbital 

2 Valence electrons (ii) Copper 

3 Isotopes (iii) Concentrated in the nucleus 

4 Electrons (iv) Take part in chemical bonding 

5 Atomic number (v) Visible light 

6 Mass number (vi) Number of protons in the nucleus 

7 3d” 45! (vii) Number of protons and neutrons in the 
nucleus 

8 Principal quantum number (viii) Nuclei that differ in their masses 

9. Balmer series (ix) Electromagnetic radiation 

10. Light (x) Extra nuclear region 


Fill in the blanks in the followings: 
(1) The maximum number of electrons in an energy level is given by the formula 


(2) The... and e.. charge of an atom are concentrated in its nucleus. 

(3) Cathode rays consist Of seee! charged particles while canal rays are 
an.. charged. 

(4) The neutral atomic particles, the .......Were discovered by ......... and are located 
in the .......of the atoms. Ў 


(5) Ifa neutral atom contains 16 electrons, it will сотаіп......... 

(6) Bright line spectra arise when excited karos CRISL eod energy in returning to their | 
orbits. : 

(7) Anorbital may accommodate... 

(8) The first energy level has one .....- 3 

(9) In building up atomic structure ....seek the lowest .:..... 

(10) The ......energy level has five lobe shaped ....... orbitals which can hold 
„electrons. 
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State if the following statements are True or False. 


All atoms of a given element contain the same number of protons in their nuclei and 
electrons outside their nuclei. 


(1) The addition of neutrons to the nucleus of an atom would increase the atomic num- 
ber. 
й) The atomic number ot an element accounts for the number of positive charges in the 
nucleus. 
(iv) Isotopes of an element differ in the number of neutrons. 
(v) Electrons move in definite energy levels. 
(vi) Тһе atomic number of potassium is 23. 
(vii) ^ Orbital quantum number describes the size of the orbital. 
(viii) Ап orbital can contain only two electrons. 
(їх). Lambda represents the frequency of electromagnetic radiations. 
(x) Electron microscope is based on the wave-like behaviour of electrons. 
SHORT ANSWER QUESTIONS 
45 Giveanswerstoeachinoneortwo words ora sentence. 
(i) What is the number of neutrons in an element whose mass number and atomic 
number are 18 and 7 respectively ? 
(i) ^ If both K and L shells of an atom are full, what is the total number of electrons 
contained in them ? 
(ii) ^ What is Rutherford's atomic model ? 
Gv) Іл what way cathode Tays are different from cana! rays ? 
(у)  Whatis nucleus ? 
(vi) Does the atomic number of an element change when its atoms fomn ions ? 
(vii) The atomic number of chlorine is 17. What is the number of electrons in CI ions ? 
(viii) Ап element has three electrons in the M shell. What is the atomic number of the 
element? Nametheelement 
(x) Two atomic species say A and B have 6 Protons each. But A and B have 6 and 8 
neutrons respectively. What is the relation between the two ? 
(x) Why is the ratio e/m for positive rays different for different gases ? 
46 (i) An atomic orbital has n=3 ,what are the Possible values of / ? 
(i) ^ Anatomic orbital has / = 2 what are the possible values of m, ? 
(ii) ^ Describe the orbital with the following quantum numbers f 
(a) n=2, 1-0 
у (b п=4, 1-3 
: (c) ^23, [=1 ; 
(v) Givetheelectronic configurations forthe ground state ofthe fol lowing atoms : 
(а) N z =7), (5) Al Z = 13), (с) Cr (Z = 24), (d) Rb (Z = 37) 
(V) — State which of the following sets of quantum numbers are possible. Give reasons for 
your answers . р : 
l n = Qe 0, m = т = +17 
See fosa dim, б, жу кш LIA 
^ у = h (eon sat Щ m z—L" = +10 
d be ee ET rer O, cm AN 0 
52 Шр, | ы ЫШЫ E е ih ae +12 
S(t аА ат оче +12 
CUm c. BANCA ролу =0 m = IR 
(vi) — What is light? И d ^ 
(vii) Define atomic orbital. 
(viii) What do you understand by quantum numbes ? 
ш) What is atomic spectrum ? 
х 


What is the special characteristic of p orbitals ? 
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І 
І 


4.1 


42 


43 


44 


4.5 


4.6 


47 


49 
4.10 


4.11 


4.12 
4.13 


TERMINAL QUESTIONS 
(a) How many electrons can there be in each orbital ? How are two electrons in an 
orbital alike? How are they different ? 
(b) · What happens when there are a number of orbitals of equal energy, such as the 
three 2 p orbitals ? 


A neutral atom has electronic structure 1s? 2s? 2p* 35° 3p*. Deduce as many of the 
following as you can from this information only : 

(a) the atomic number of the element, 

(b) the atomic mass of the element 

(c) the number of electrons in the valence shell, and 

(d) the number of unpaired electrons in the atom. 


(a) Explain why chromiumana copper have only опе electron in their 4s sub-shell? 

(b) Match each of the following quantum number values with the proper letter des- 
ignation (K,L,M.N,s p.d,f) : 

() a=2, (ii) /=3, Gi) /=2 (iv)n=3, (у) /=0 


(a) Name the elements that have the following ground state electronic configura- 

tions in their outershell or shells. 

352, 3p’, 3d’, 452 

4s?, 4p! 

4s?, 4p’, 4d'®, 5s! 

552, Sp*, 6s! 

55, 4p* 

(b) Give the ground state electronic configuration forthe following ions : 
Сан ,Cu* , Ag? „Сі, Co? 
Also state the number of unpaired electrons in each of the ions listed above. 


(а) Whatare the possible values of /, m, and m, for an electron located in the 4th 
principal shell ? ] 
(b) Istheaufbau process of filling of energy sub-levels always followed ? 


For each of the following parts describe how many sets of quantum numbers are 
possible so that each set contains all the values listed ? 

(а) п =5,1=4, (b)n=4,1=1, (c) п=4,1=0, т=0, (d) n =2,J= =0,m=+2, 

(e) n=3,]=2,m=+1 (f) n 22,1 -2,and(g) n -5. 


(a) List all the values of n, l and т, and m, for each of the last electron of the 
following: 
F, Mg, Al,,, Fe;,, Kr, and Cs, 

(b) Name the lowest shell which has af sub-shell. ^ 

(c) How many electrons can be placed in an atomic orbital for which / = 4? 

(d) . Give the various possible values of m, for an electron with / = 2. 

(e) Give the various possible values of / for an electron with n = 4.. 


Discuss electrons, protons and neutrons with respect of location, mass and charge. 


Discuss the contributions of Rutherford to the structure of the atom. 


What is the basis of Bohr's model of atom ? How did it account for the shortcom- 
ings of Rutherford's model of atom ? 


State the essential features of Bohr's atomic theory. What are its drawbacks ? 


What do your understand by quantum numbers ? What is their eee regard- 
ing the energy, shape and orientation of electron orbitals ? 
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4.14 


4.15 


420 


421 
4.22 
4.23 


4.24 


4.1 


42. 
43 


44 


45 


State Pauli’s exclusion principle. How does it affect the arrangement of electrons in 
an atom ? 


Define the followings 

Gi) Heisenberg’s uncertainty principle 
(ii) Aufbau principle 

(iii) Orbital 

(iv) Energy level 


Describe the distribution of electrons among the various energy levels in the terms 
of quantum numbers. 


State the rules governing the filling of various orbitals with electrons. 


Give the electronic configuration of nitrogen and copper. 
Explain their extra stability. 


(a) Describe the shapes of s and p orbitals. 


(b) In what ways do the spatial distributiogs of the orbitals in each pair differ from 
each other ? 


(i) 1s and 2s, (ii) 2s and 2p, and (їй) 2p, and 2p, 


In what ways is the wave mechanical model of atom an improvement over 
particle model ? 

(Hint); The wave equation only accounts for the relative probability of the electron 
being at a certain position with respect to the nucleus. In this respect it is in agree- 
ment with the uncertainty principlé. The particle model (Bohr's model) is based 
upon the concept of exact positions for electron. 


Draw probable electron density diagrams for various orbitals. What do these shapes 
of orbitals signify ? 


Give the energy level diagram for the various orbitals of hydrogen. How does it 
differ from the energy level diagram for atoms other than hydrogen ? 


Describe the photelectric effect. How does it һе! 


р in understanding the dual nature of 
matter and radiation ? А 


How тапу electrons сап be placed in each main energ: 
ment in terms of quantum numbers. 


y level ? Explain the arrange- 
ANSWERS TO SELF ASSESSEMENT QUESTIONS 


(i) b, (ii) b , (iii) c, (iv) d, (v) d, (vi) a and c, (vii) d, (viii) a, (ix) d, (x) b, ( xi) b, 
(xii) c, (xiii) €, (xiv) c (xv) a (xvi) d. 


1. (iii), 2. (iv) , (3) (vii), (4) (x), 5 (vi). 6. (vii) , 7. (ii), 8. (i) 9. (v) 10. (ix). 


(I) 2n (2) mass, positive, (3) negatively, positively 
(4) neutrons, Chadwick, nucleus (5) sixteen protons, 


(6) electrons, electromagnetic, (7) two, spin (8) shperical, s (9) electrons, energy 
level, 


(10) third, d, ten . 


(1) True, (2) False, (3) True, (4) True, (5) True, (6) False (7) False, (8) True, (9) 
False, (10) True. х 


(i) 11 neutrons 
(i) 10 electrons 
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(ii) It consists of a positive nucleus around which electrons are revolving. 

(iv) Cathode rays are composed of negatively charged particles (electrons) while 
canal rays are composed of positively charged ions. 

(v) The small positively charged central part of an atom is called nucleus. 

(vi) Atomic number of an element does not change when it forms ions because the 
number of protons remains the same. 

(vii) 18 electrons 

(viii) 13, Aluminium 

t D 

(ix) Isotopes of carbon © * © 

(x) Positive rays are produced by the loss of electrons from gaseous atoms, and 
hence, different gases would produce positive rays of different masses, and 
thus, of different e/m values. 


G) 120,12 
(i) m=-2,-1,0, «1,2 
Gii) (a) 2s, (b) 4f, (с) 3p 
(iv) (a) 182, 22, 2p’, 
(b) Is?, 22, 2p*, 3s?, 3p! 
(с) 1s?, 2s?, 2p*, 352, 3d*, 45! 
(d) 182, 2s*, 2p*, 3s?, 3p*, 3d'^, 452, 4р“, 5s! 
(v) 1. Not possible as л never assumes zero value 
2. Possible as forn= 1, the values forotherquantum numbers are permissibl. 
3. Not possible as / cannot be 1 when л = 1 
4. Not possible, as m, cannot be -1 when /= 0 
5. Possible, as forn=2the values forother/ quantum numbers are permissible. 


6. Not permissible, as cannot be 2 whenn-2 
7. Possibleas топ л =2, the values forotherquantum numbers are permissible. 


(vi) Light is a form of energy. Light may be described as electromagnetic radiations 
because they have waves which possess both electrical and magnetic proper- 
ties. 

(vii) The region in space around the nucleus in which there is high probability of 
locating the electron. Д 

(viii) Quantum numbers are ће set of four integers necessary to specify the energy 
(size), shape, orientation of the orbital to which an electron belongs. 

(ix) It is composed of lines which are spaced over the entire range of wavelengths 
of radiation emitted by the atoms of an element. 

(x) They have got directional property. , 


199 


UNIT 5 


Chemical Families-Periodic Properties 


ALFRED NORTH WHITEHEAD 


(1861-1947) 


UNIT PREVIEW 


5. Introduction 
52 Early attempts for classification of elements 
53 Mendeleev’s periodic table 
5.4 Modem basis of classification 
5.5 The modern Periodic table—the long form 
5.6 Types of elements 
5.6.1 Noble gases 
5.6.2 Representative elements (s and p-block) 
5.6.3 Transition elements (d-block elements) 
5.6.4 Inher-transition elements 
5.7 Periodic Properties— the periodic table. Periodic trends in Properties of elements 
5.7.1 Valence 
5:12 Atomic radius (size) of atoms and ions 
5.7.3 Density, melting point and boiling point 
5.74 Ionization energy 
5.7.5 Electron affinity 
5.7.6 Metallic and non-metallic nature of the elements 
5.7.7 Properties of hydroxides of alkali metals 
5.7.8 Properties of halides of alkali and alkaline earth metals 


5.7.9 Properties of sulphates and carbonates of alkali and alkaline earth metals 
Self assessment questions 


Terminal questions 
Answers to self assessment questions 


LEARNING OBJECTIVES 


At the completion of this unit, you should be able to : 
Emphasize the need of classifying elements. 
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5.1 INTRODUCTION 

Today 107 elements are known and with the steady development 
of new ways of synthesizing elements this number is bound to continue 
increasing. Their systematic study would present quite a formidable 
problem but for the fortunate fact that they could be grouped together in 
sets or groups based on certain similarities and regularities in their 
properties. 

During the 19th century, many elements werc discovered along 
with detailed knowledge of their physical and chenucal properties. The 
elements differed from one another in many of their properties. Some 
were soft and powdry, while others were hard and shiny ; some were 
gases and others were liquids at ordinary temperatures, and so on. It 
was also found that certain elements resembled with one another in 
some respects. The compounds formed by the combinations of elements 
revealed both some resemblances and differences among the elements. 
It was found that sodium and potassium metals have many similarities 
in their properties (Table 5.1). 


TABLE 5.1 
_——————————-—-——-—-—-——-—— 
Property Sodium, Na Potassium, K 
а 
Valency іп the compounds Monovalent ' Monovalent 
Reaction with water Reacts Reacts 
Nature of oxides Na,O (Basic) KO (Basic) 

Nature of hydroxides NaOH, a strong alkali KOH, a strong alkali 
Nature of carbonates Na,CO, (alkaline), K,CO, (alkaline) 
soluble in water soluble in water 


.———————Н 


Similarly, alkaline earth metals, Ca, Sr, and Ba were found to 
show a marked resemblance. They show a valency of 2. Their oxides, 
hydroxides, carbonates, etc. show bivalency. Their oxides react with 
water to form hydroxides, M(OH),. Their carbonates are soluble in wa- 
ter and on heating give same products, i.e., MO + СО). 

Fluorine, chlorine, bromine and iodine were found to show simi- 
larity in properties to a large extent. They are very reactive non-metals 
and exist in the combined state. Under normal conditions they exist as 
diatomic molecules in which the atoms are held together with covalent 
bonds. All halogens react with hydrogen under different conditions and 
form covalent hydrohálides which are soluble in water and produce ac- 
queous solutions known as hydrofluoric, hydrochloric, hydrobromic and 
hydroiodic acids. They react with active- metals like Na, Mg, etc., form- 
ing halides which are electrovalent in nature. They exhibit univalency 
in all these compounds. 

Nitrogen and phosphorus ; oxygen and sulphur; efc. were found to 
show a significant chemical resemblance. Both the nitrogen and phos- 
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phorus show trivalency (e.g., NH,, PH,) and pentavalency (e.2., N,O,, 
P,O, or P,O,,) in their compounds. Both the oxides (N,O, and POS 
are strongly acidic (HNO, and H, PO, ). Their halides (NX, and PX, ) 
are covalent in nature. 

Thus, certain similarities and regularities do exist among elemen- 
tal substances, and these serve as the basis for a detailed and very use- 
ful classification of the elements. It was from attempts to relate the 
chemical and physical properties of the elements and their compounds 
to their atomic masses that the periodic table was born. 

The formulatian of the periodic table marked the beginning of a 
new era in chemistry. The periodic table presents a systematic and vital 
framework for organizing the facts and informations available on the 
chemical behaviour of both elements and compounds into a few simple 
and logical patterns. In this unit, we shall take up the facts that led to 
the development of Mendeleev’s periodic table and see how this classi- 
fication follows as a logical consequence of the arrangement of elec- 
trons in atoms, The body of this unit also includes the periodic trends in 
the physical and chemical properties of the elements, 


5.2 EARLYATTEMPTS FOR CLASSIFICATION OF ELEMENTS 


Elements were, first of all, divided by Lavoisier into two groups 
(i) metals, and (ii) non-metals. Elements with metallic lustre, malleabil- 
ity, ductility, good conductivity-of heat and electricity were. identified 
as metals whereas the remaining elements were known as non-metals. 
This classification did not Prove to be very useful as some elements, 
called metalloids, exhibited some Properties characteristic of both met- 
als and non-metals. It was also attempted to classify the elements on the 


experimental conditions. 


Following the development of atomic theory and the determina- 
tion of the atomic masses of a large number of elements with a reason- 
able accuracy, attempts were made to find a relationship between 
be fundamental and chemical properties. 
In 1815, William Prout Suggested that all the elements were 
tion of hydrogen atoms keeping in view 
hole number multiples of the atomic mass 
of hydrogen. However, soon it was found that most of the elements 
possessed fractional atomic masses. The hypothesis was, thus, not taken 
Seriously. But no sooner had Prout's proposal been abandoned than the 


attempts of several other Scientists to order and classify the elements 
appeared. 
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Dobereiner's Triads : 

In 1829, J.W. Dobereiner arranged closely related elements in 
groups of three, i.e., triads, where the atomic masses of the middle 
elements were nearly the arithmetic mean of the other two. Some triads 
are listed in Table 5.2. 

Little attention was paid to this observation at that time as some 
other groups of triads such as arsenic, antimony, bismuth and zinc, cad- 
mium, mercury did not conform to the law. 


TABLE 5.2 Dobereiner triads 


ga tain ЕА tape ce me 


Triad Mean atomic mass (amu) 

Element Lithium Sodium Potassium 7 +39 = 23 
Atomic mass 1 23 39 2 Т 
Element Calcium Strontium Barium 40 +1374 
Atomic mass 40 87.6 1374 2 SA 
Element Chlorine Bromine Iodine 35.5 € 121009 81.15 
Atomic mass 35.5 80 127 2 { 
Element Sulphur Selenium Tellurium 32241292 _ 80.7 

mic mass 32.2 793 1292 2 post 


Ato! 


Newlands' Law of Octaves 

The next attempt for classifying the elements was made by John 
Newlands (1864). He arranged elements according to increasing atomic 
masses. Starting with any: given element, every element resembled in 
properties to the first, similar to the repetition of musical notes in, 
scales of eight. He called this generalization *the law of octaves’. His 
scheme was somewhat as follows : 


Li Be B С N (6) H 
Na Mg Al Si P S Ed 
K Ca Cr Ti Mn Fe Cl 


The scheme failed on attempting to extend it beyond calcium. 
Elements beyond calcium appeared out of place in Newlands’ scheme. 
This happend because many elements had not been discovered at that 
time and Newlands did not provide any blank space for them in his 
scheme. Newlands’ rule did not hold true at all. Indeed his ideas met 
with ridicule from other scientists, one of whom suggested that it would 
be just as valuable to arrange the elements in alphabetical order. The 
importance of Newlands’ contribution was finally acknowleged in 1887, 
when he was awarded the Davy Medal by the Royal Society. 

Mendeleev and others developed further the idea of Newlands. 
Newlands deserves credit for recognizing the periodic recurrence of 
properties based on increasing atomic mass —an idea that formed the 
basis for later classifications of the elements. 
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2.3 MENDELEEV’S PERIODIC TABLE 1 
The Periodic Law : Dimitri Ivanovitci Mendeleev - a Russian 


ultaneusly, in 1869, these men pub: 
tion. Meyer’s work was based m 


ic volumes (atomic volume. = atomic 
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Fig.5.1 Periodic variation ofatomic volume with increasing atomicmass 
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ATOMIC VOLUME 


0 10, 20 20 40 50 60 70 80 90 100 


б ‘ATOMIC NUMBER 
Fig. 5.2 Modern version of Lothar Meyer's curve, i.e., periodic variation 
of atomic volume with increasing atomic number. 


Mendeleey’s Periodic Table (Table 5.3): Mendeleev, in his first peri- 
odic table (based on Newlands’ scheme) published in 1869 (Table 5.3), 
listed the elements known at that time with related chemical and physi- 
cal properties in horizontal rows and vertical columns or groups in or- 
der of increasing atomic masses. 

In a few cases, he challenged the values reported for atomic 
masses. His challenge was upheld on reinvestigation. For some ele- 
ments whose correct masses were known, he inverted the sequence 
(e.g., tellurium Te=128 and iodine, I=127) so that elements with simil- 
iar properties would be grouped together. To achieve the objective of 
bringing similar elements into appropriate groups, he left some blank 
spaces in his table. He predicted that these gaps represented undiscov- 
ered elements Further he suggested that these undiscovered elements 
would be found to occur in nature along with other members of their 
family. By considering the properties of their relatives (adjacent ele- 
ments) he predicted the properties of some of these undiscovered ele- 
ments that would occupy these gaps after their discovery. Eventually, 
when these elements were discovered, it was amazing to find that they 
fitted correctly in his table. 
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TABLES.3 Mendeleev's periodic table published in 1869 


Ti-50 Zr-90 ? -180 
У 251 Nb-94 Ta-182 
Cr-52 Mo-96 W =186 
Mn-55  Rh-1044 Pr-1974 
Fe-56 ^  Ru-1044 11-198 

Ni= Co-59 Pd-106,6  Os-199 


H=1 Cu=63,4 Ag=108 Hg=200 
Be=9,4 Mg=24 Zn=65,2 Cd=112 
B=11 Al=27,4 ?=68 Ur =116 Au=197? [ 
C=12 Si=28 ?=70 Sn=118 
N=14 P=31 As=75 Sb=122 Bi=210 
O=16 8=32 5е=79,4 Te =1287 
F=19 Cl=35,5 Br-80 T2127 
Li=7 Na=23 K=39 Eb=85,4 Cs-133  - Ti-204 
Ca-40 Er-87,6 Ba=137 Pb=207 
?=45 Се=92 
?Er-56 La-94 
?Y1-60 | рі=95 
?In-75,6 Th=1 


The element corresponding to the 
titanium (group IV) was named by 
‘first after’; because its propertie: 


were called eka-aluminium and eka- 
ears, when these three predicted ele- 


boron), gallium (eka-aluminium) and 
‘germanium (eka-silicon) were discovered 


ered in Germany by C.A Winkler in 1886 (Table 5.4), 
lished an improved periodic table in 1871 (Table 5.5) 


206 


b 


TABLE 5. 4 A comparison of properties predicted by Mendeleev (1871) and 
reported by Winkler (1886) with those currently accepted for germanium. 


Property Eka-silicon Eka-silicon Currently 


predicted by (germanium) accepted 
Mendeleev, 1871 reported by 
Winkler, 1886 
ae a 
1 Atomic mass (amu) 72 12.32 72.59 
2 Colour Dark grey Greyish white Gréyish white 
з Density (g/cm*) 5.5 5.47 5.35 
+ Valence 4 4 4 
5 Melting point (K) High 1231 1222 
6 Reaction with water Will decompose Does not decompose Does not deco- 
steam with water (mpose water 
difficulty 
7 Action of acids Slight None by НСІ or Н,50, Not attacked by 
НСІ or H,SO, 


8 Action of alkalis Pronounced Not attacked by dilute Мот dissolved by 
NaOH, dissolved by dilute NaOH, 


conc. NaOH dissolved by 
conc. NaOH 
9 Heating in air EsO, GeO, GeO, 
Properties of oxide 2 
Physical state White solid White solid White solid 
Density (g/cm*) 4.7 4.703 4.228 
10 Compound formed 
on chlorination EsCl, GeCl, GeCl, 
' Properties of chloride 
Physical state Colourless liquid Colourless liquid Colourless liquid 
Density (g/cm?) 19 at 273K 1.887 at 291K 1.844 
Boiling point (K) below 373 359 357 
11 Compound with sulphur EsS GeS, GeS, 
Properties of 
sulphide Insoluble in Insoluble in insoluble in H,O 
water water 
Soluble in Soluble in Soluble in 
ammonium ammonium ammonium 
sulphide sulphide sulphide 


12. Preparation EsO,+C Э" Ез +С СеО,+ С-> СО,+ Се GcO,* С-> CO,+ Ge 


Or Or 
Reduction of K,EsF, Reduction of 
with Na K,Ge F, with Na 


Important Features of Mendeleev's Periodic Table 

1 The table is divided vertically into 8 columns known as 
groups and horizontally into rows known as series. We now call them 
as periods. These are shown in the Table 9/5 

2. The similarities іп the properties of the elements within а 
group are more marked, Basically in arranging the elements he consid- 
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ered chemical properties, in particular, the ratios in which the elements 
combine with oxygen or hydrogen. To emphasize this, he put the for- 


mula of the group oxide and hydride below the group number in his 
periodic table. 


TABLE 5.5 The Periodic table compiled by Mendeleev (1871) 


Group Group II|Group Ш Troup IVIGroup V [Group У гоир VII 
RH, RH, 
RO | RO RO, | RO, 
ke ll ues 
т [ш [ызын [єа [ж] 
[a [o [wen wen] лиз eT 
4 
5 
6 
7 
8 
9 
10 
11 


rm 


R,0, 
K-39 | Ca=40 |?-44 | [Ti-á8 | v=51 | Cr-s2 
(Cu-63)| Zn-65 ?268|  ?-72| As=75 | Se-78 
Rb=85 | Sr-87 | Yt (y)-88| Zr=90 | Nb=94 | Мо=96 
^g*108, Са=112] In=113 | Sn=118 | Sb=122 | Te-125 


Cs=133) Ba-137| La=138 |?Ce-140 |— 


3. | He left some blank Spaces in his periodic table. Using the prop- 


around the blank positions he predicted the 


ered elements that would occupy the blank 
spaces after their discovery. 


4. Isotopes were not 
different atomic masses. 


3. The table was helpful in eastablishin, 


given separate places even ‘though they had 


m^. jm 208 ч geile. 


6. Some elements appeared to be out of place in the periodic 
table on the basis of accepted values for their atomic masses, i.e., ele- 
ments with higher atomic masses preceded those with lower atomic 
masses. Mendeleev placed such elements (Ar and K; Te and I; Co and 
Ni) in locations consistent with their properties, and attributed the ap- 
parent reversal of atomic masses to their incorrect values. Later these 
values were found to be correct. 

The periodic table has been modified, since mendeleev first 
formulated it, to give an improved interpretation of the chemistry of the 
elements. In these improved versions of the table, the basic format has 
been retained which is an indication of its acceptability as a basis of 
discussion of the chemistry of the elements. A periodic table based on 
Mendeleev's 1871 table is shown in Table 5.6. Each group of the table 
has been divided into two sub-groups ‘A’ and ‘B’. The resemblances in 
the properties of the elements within a sub-group are more marked than 
those between members of the two sub-groups. In the table, under the 
head of zero group, inert gases have been placed not discovered in 
1871. These gases could not be foreseen by Mendeleev as he did not 
leave any space for them. The first inert gas was discovered in 1894 у 
Rayleigh and Sir William Ramsay. 

TABLES.6: A periodic table based on Mendeleev's table of 1871. The circlesindicateele- 


ments not known in 1871. Table gives the currently accepted values of atomic masses» 
Numbers іп parentheses are the mass numbers of the most stable isotopes 
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. The modern periodic table is essentially similar to that of Men- 
deleev. A new column has been added to accommodate noble gases 
which were discovered around 1900. At a time when nothing was 
known about atomic structure, Mendeleev gave this rational classifica- 
tion of element. This classification through the years has facilitated the 
correlation of new informations. With the discovery of electron and 
Moseley’s determination of atomic number from X-ray spectra of the 
elements a new basis of classification emerged. It is now based on 
atomic number (related to increasing nuclear charge) rather than atomic 
mass. Lateran this unit,we shall see how the electronic configuration of 
atoms provides a fundamental basis for the periodic classification of 
elements, 
5.4 MODERN BASIS OF CLASSIFICATION 

The periodic table has been modified from time to time since 
Mendeleev first formulated it. Additional elements have been added as 
they were discovered. The very basis upon which the periodic table was 
founded has been changed. Mendeleev believed that the periodicity was 
a function of atomic mass Now with the determination of atomic num- 
bers by Henry Moseley* (1913), it was realized that the atomic number 
of an element is a more fundamental feature than its atomic mass and 


accordingly the periodic law advanced by Mendeleev was changed. 


Thus, today periodicity is based upon atomic number, not atomic mass. 
Mendeleev could not possibly have reached this conclusion since the 
electron and proton were not discovered until 1897 and 1902 respec- 
tively and atomic numbers were not known until 1913. 


The modern periodic law Proposed by Moseley states that the 
Properties’ of the elements are Periodic function of their 
atomic numbers. 

Accordingly, the problem of accomm: 


: | odating the isotopes could 
be satisfactorily solved by keeping them in ү 


It has now been realized that the atomic n i 
um 
number of electrons in an ato ber dictates the 


m. Electronic structures of the atoms of 


аас 


the elements vary periodically with atomic number. Thus, the periodic 
recurrence of similar electronic configuration leads to a periodic recur- 
rence in chemical properties also. 

A more satisfactory statement of the periodic law can thus be 
arrived at as given below : 

“Since the electronic structure of atoms of the elements varies 
periodically with atomic number, all elemental properties dependent 
on atomic structure also tend to vary periodically with atomic num- 
ber". 

5.5 THE MODERN PERIODIC TABLE - THE LONG FORM 

Over the years, the periodic table has taken a variety of forms. 
There has been the short form, the long form, spiral table, thre dimen- 
sional helical table and a number of others. The periodic table, the 
most commonly accepted and used today, is a version of the long form. 
Classification of elements in the long form of periodic table is based on 
their electronic configurations. The elements are arranged in the in- 
creasing order of atomic numbers so that the facts described by the 
periodic law are efficiently organized. Firstly, all those elements that 
are most similar get placed in the same vertical column. Secondly, ele- 
ments get arranged in an orderly manner in periods and present the 
transition from beginning to the end of period. 

The periodic table provides a valuable framework for organiz- 
ing and systematizing the study of elements and their compounds. It has 
been found that periodic recurrence of similar electron configurations 
leads to a periodic recurrence of chemical properties. In other words, it 
can be expressed that the chemical as well as physical properties of the 
elements are related to their elecuonic structures. It is not possible to 
explain all the characteristics known of the elements from their elec- 
tronic configurations. However, from this classification one can corre- 
late many experimentally observed properties with electronic configura- 
tions. One can understand the causes of periodicity in properties and 
general trends in the behaviour of elements. The salient features of the 
periodic table are illustrated through the Table 5.7. 

The vertical columns which bring together similar elements are 
called groups or families. There are 18 groups which are numbered 1- 
18 in accordance with the 1984 IUPAC recommendations. The system 
replaces the old numbering scheme using Roman numericals (i.e, from I 
to VIII), Zero and English alphabet (A and B for dividing one group 
into A and B, e.g., IA, IIB, eic.) 

The horizontal rows of the table are called periods. There are 
seven periods in all. Each period is numbered by the number of the 
outermost energy level of the atoms in which the electrons are gradu- 
ally filled as the atomic number increases. For example, the electronic 
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configuration of chlorine (2, 8, 7) suggests that this is an element fron 
period 3, because chlorine’s outermost shell number 3 is still incom. 
plete. 

Today’s quantum mechanical picture of the electronic structure 
of the atom fits directly into the periodic table and indeed explains the 
periodicity observed. Each period represents a principal quantum num- 
ber. Each successive period in the periodic tabel is associated with the 
filling of next higher principal energy level (i.e., n=1, n =2, etc.). Each 
period will accommodate elements as dictated by the numbers of 
atomic orbitals. Thus, the number of elements will always be twice the 
number of atomic orbitals as one orbital can accommodate two elec- 
trons. So, the first period has two elements-hydrogen (1s) and helium 
(182); and the second period has eight-lithium (2s!), beryllium 2s?, boron 
(252, 2p!)... and neon (2s?2p*). The third period contains eight elements 
(from Na to Ar) because in the aufbau process the 3 d orbitals do not 
fill until after the 4s orbital. Each successive group from left to right 
represents опе more electron in the principal energy level. Tnus, not 
surprisingly, the periodic arrangement relates to the aufbau process as 
regard to the electronic configuration of the elements. 

Periods are sometimes called short and long periods, depending 
upon the number of elements. The first period is called very short pe- 
riod. The second and third periods are called short periods. 

The fourth and fifth periods have 18 elements each. They are 
called long periods.These two periods also include transition elements. 
The sixth period with 32 elements is called very long period. It includes 
14 rare earth elements from atomic number 58 to 71 (lanthanides). They 
all are placed in one box because of similar properties. The 7th period 
is incomplete having 21 elements and is also called a very long period. 
It includes elements from atomic number 90 to 103 (actinides). Similar 
to lanthanides, they are also placed in one box. With the help of the 
periodic table we can determine the ground state electronic structure of 
an element almost at a glance. 

5.6 TYPES OF ELEMENTS 

From the aspect of electronic configuration, the periodic table 
is divided into four major groups or blocks or elements showing the 
highest occupied orbital in an atom. Table 5.7 shows such a division 
into the s, p, d and f orbital blocks. The blocks are also named after 
the general characteristics of the elements. For example, s (groups 1, 2) 
and p-blocks (groups 13 to 18), the main groups consist of the active 
metals and non-metals respectively (the p-block also contains some 
metals). Elements constituting these two blocks are called representative 
elements. Thed-block (groups 3 to 12) is called the “transition block’ 
since its properties are intermediate - between those of the two main 
blocks. The f-block elements are described as ‘inner-transition ele- 
ments’. 
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Sometimes groups are designated by names : group 1 elements 
(excluding H) are called the alkali metals ; group 2 elemients are called 
the alkaline earth metals ; the elements of group 17 are called halogens; 
and those of group 0 (18) are the inert or noble gases (Fig. 5.3). 
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5.6.1 Noble Gases 
The noble gases 
18 of this periodic table. 


All noble gases except helium have the Stable outer electronic 
пре, Helium has the 152 confi 


are found at the end of each period in group 


few compounds of Xe and Kr 
have been prepared. They are monoatomi “id 
boiling points. 
5.62 Representative Elements (S and p-block eiements) 
S-block elements > The first two groups of elements, ie., 1 
(alkali metals ; Li... Fr) and 2 (alkaline mo EOP Be 


filled up with electrons, Their Outermost electronic config 
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uration is ns! 


and ns?. All these elements form colourless ions and they react readily 
with diluted acids or water liberating hydrogen. 

p-block elements : The elements of groups 13 to 17 (elec- 
tronic configuration varying from ns? лр! to ns? np?) as well as the 
group 18 elements on the extreme right of the periodic table 
(He......Rn), are placed in the p-block. Their atoms tend to gain elec- 
trons to form negative ions. It includes a very reactive group of 
elements, i.e., halogens. Most of them are non-metals. 

Elements of s and p-block (excluding noble gases) acquire 
noble gas configuration in the course of chemical compounds forma- 
tion. Elements of s and p-blocks are often called representative ele- 
ments. Their chemistry is determined by the number of electrons in the 
outermost shell called the valence shell. The number of valence elect- 
rons for s-block is the same as the group number ; for p-block (groups 
13-17 only) the number of valence electrons is obtained by subtracting 
10 from the group number. Across each period, the elements acquire 
from metallic to non-metallic nature. 

5.6.3 Transition Elements (d-block elements) 

This block includes the transition elements which form a 
bridge between s and p-block elements. Elements of groups 3, 4, 5... to 
12 with general electronic configuration (n-1)d'-? ns ?-? belong to d- 
block. For these elements the inner d orbital is progressively filled up 
with electrons as the atomic number increases. Thus, atoms or ions of 
these elements contain incomplete d orbital. They are all metals. These 
elements form coloured ions of different oxidation states. They have a 
strong tendency to form complex compounds. 

5.64  Inner-Transition Elements (f-Block elements) 

Elements with atomic numbers 58-71 (lanthanides) and 90-103 
(actinides) are those in which 4f and 5f orbitals are incomplete. These 
are called inner-transition elements. Their general electronic configura- 
tion is (n -2) £1— (n - 1)49—1°108°—?. They also have incomplete (n -1)4 
orbital. ‘Their outstanding property is their very close similarity in 
chemical behaviour. These elements constitute two separate rows below 
the body of the periodic table - one of lanthanides and other of acti- 
nides. 

5.7 PERIODIC PROPERTIES - THE PERIODIC TABLE 

It is a matter of general experience that atoms with similar 
outershell electronic configuration have similar chemical properties, 
hence, if one can arrange all known atoms in some systematic fashion 
according to their electronic structures, periodic recurrence in chemical : 
properties would be evident. For example, both F and Cl with seven 
electrons in their outermost shell combine with hydrogen and sodium to 
form similar compounds, e.g., HF(g), HCl(g), NaF(s), NaCl(s). 
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Many characteristic atomic properties depend upon electronic 
configuration / atomic number, and thus, show periodic variation. We 
will now discuss some of these Properties and see how this periodic 
variation takes place within the periodic table. 

Periodic Trends in Properties of Elements 
5.7.1 Valence (or Valency) 

The electrons occupying the outermost shell are referred to as 
valence electrons, which}in turn.determine the valency of an element. 

The valence of an element can be inferred from its position in 
the periodic table. The valence of representative elements is usually 
equal to the number of electrons in the outermost orbitals and/or equal 
to eight minus the number of electrons in the outermost orbital. For 
exampie, elements belonging to groups 1, 2, 13 and 14 exhibit valencies 
1, 2, 3 and 4 respectively in combination with hydrogen. Elements from 
groups 15, 16 and 17 show trivalency, bivalency and monovalency re- 
spectively in combination with hydrogen and chlorine (Table 5.8). On 
the other hand, elements from groups 1, 2, 13 to 17 show valencies 1 to 
7 in combination with oxygen (Table 5.9). 

Transition elements exhibit variable valency but all of them 
exhibit a common valency of 2. 

In a group,all the member elements show the same valency in 
combining with other elements. For example, the formation of HF from 
fluorine and hydrogen (one fluorine atom combines with one hydrogen 
atom) enables one to predict that chlorine and other group 17 elements 
also form compounds with hydrogen in the atomic ratio of 1 SURO 
HBr, HI). This relationship is further illustrated in Table 5.10. 


TABLE 5.8 Valence electrons and valency with respect to hydrogen and chlorine for 
the first short period elements 


Pr 


operty Li Be B c N о 


Е 

Group 1 2 13 14 15 16 17 
Valence electrons 1 2 3 4 5 6 1 
Vatency with respect 1 2 3 4 3 2 1 
to hydrogen and chlorine 
Examples: 
Hydride LIH Вен, BH, CH, NH, OH, FH 

à (B,H) (HO) (HF) 
Chloride LiCl Весі, ВСІ, CCl, NCI, ОС, Ра 


(CLO) (СЕ) 
g» 216 


TABLE 5.9 Valence electrons and valency with respect to oxygen for the second short 
period elements 


Property Na Mg Al Si Р S C 
15 16 17 

Group 1 2 13 14 i 

Valence electrons 1 2 3 4 5 6 7 

Valency with respect ; 

to oxygen 1 2 3 4 5 6 T 

Example : 4 

Oxide Na,O MgO ALO, SiO, РО, SO, со, 

PO 


ee 0 Ee 


TABLE 5.10 Formulae of compounds of hydrogen with elements of representative 
groups 


Group 1 2 13 14 15 16 17 


Group valency with 1 2 3 4 3 2 1 
hydrogen 


LiH Вен, BH(B,H) CH, NH, HO НЕ 
NaH МЕН, АН, SiH, PH, HS HC 
KH Сн, Сан, СеН, AsH, H,Se HBr 
RbH SH, InH, SnH,  SbH, H,Te Hi 
CsH BaH, ТН, PbH, BiH, HjPo 
IE re Oe A E ee 
Mendeleev had used the formulae of oxides and hydrides formed by the 
elements as a basis for classifying the elements into groups and periods. 
5.7.2 Atomic Radius (Size) of Atoms and Ions 
Atoms and ions possess no finite size owing to uncertainity in 
the position of orbiting electrons around the nucleus. However, the size 
of an atom can be estimated from its atomic radius which is defined as 
the most probable distance from the nucleus to a point where the elec- 
tron density is effectively zero (neglibile). To measure the atomic radius 
the distance between the nuclei of two adjacent atoms in a molecule is 
determined spectroscopically. One half of internuclear distance gives 
the atomic radius for a homonuclear diatomic molecule, e.g., the bond 
distance in the hydrogen molecule (H,) is 74 pm and half of this dis- 
tance (37 pm) is taken as the atomic radius. For non-metallic atoms, the 
term *.:omic radius’ is adopted to define the radius or size of the atom 
bound by a single covalent bond (Fig. 5.4). 
In case of metals, atomic radius is defined as half of the inter- 


nuclear distance between the two adjacent metal ions in the metallic 
crystal (Fig. 5.4). 
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Fig. 5.4 A comparison of covalent, ionic and metallic radii. 1. The covalent 
radius is one half the distance between the centres of two Na аот in the 
gaseous molecue, Na, (е). 2. The ionic radius is based on the distance 
between centres of ions in an ionic compound, for example, NaCl. Here, of 
course, the cation and anion are of different sizes. 3. The metallic radius is 


taken as one halfthe distance between the centres of adjacent atoms in solid 
metallic scdium. 


In general, the size of the atom gradually decreases as we 
proceed from left to right across a period in the periodic table (Figs. 
5.5, 5.6, 5.7 and 5.8). This is because of the increasing nuclear charge 
while the electrons are added to the same shell. Due to an increase in 
the nuclear charge, the electrons are attracted toward the nucleus to a 
Breat extent, and thus, atomic radius decreases. But the inert gases at 
the end of periods do not follow Suit because of their complete valence 
shells, Electrons within the valence shell repel one another. As a result, 
the electron cloud expands, and thus, size increases (Table 5.11). 

On the other hand the size of the atom generally increases as we 
move down within a group (Figs. 5.5, 5.9, 5.10, 5.11, 5.12 and 5.13; 
Tables 5.12 and 5.13). This trend is expected as it corresponds to the 


^ з; > 


addition of electrons in successive energy levels. Although the nuclear 
charge increases, the net effect of additional new energy shell is very 
large and outweighs the contractive effect of the increased nuclear 
charge. Electrons in the lower energy levels shield the outermost elec- 
trons from the attraction of positively charged nucleus. Thus, the effec- 
tive nuclear charge experienced by the outermost electrons depends on 
the extent to which these electrons are screened from the nucleus. 
Figure 5.14 shows the variation of the atomic radii of the elements with 
atomic number. The alkali metals occupy the maxima of the plot, and 
the halogens and noble gases (Kr, and Xe) atoms occupy minima. 
Atomic sizes of He, Ne and Ar are not available because any molecule 
containing these atoms is hardly known. 
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Fig. 5.5 Some periodic trends increasing in the direction of arrows 
Re B с N о F 


Fig 5.6 Representation of the trends in atomic sizes of the second row 
elements showing the electron shells. 
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Fig.5.7 Trends in atomic radii of the 2nd period elements (atomic radius 
decreases fromLi to F) 
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Fig.5.8 Trends in atomic radii of 3rd period elements (atomic radius 
decreases from Na to Cl) 
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Fig. 5.10 Trends in atomic 
radii of alkali metals (atomic 
radius increases fromLito Cs) 
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ATOMIC RADIUS (pm) 


Fig. 5.9 Representa 
tion of trends in the 


atomic sizes of the 2 A ; 
alkali metals. show- Fig.5.11 Trends in atomic radii of alkaline 
ing the electron earth metals (atomic radius increases from 


shells. Be to Ba) 


5.7.3 Density, Melting Point and Boiling Point Ч 
Elements show periodic variation for these properties also. 
For example, if we consider the periods of representative elements, We 
observe that densities (Table 5.11), melting and boiling points (Table 
5.11) of elements increase across the period and reach a maximum 
value in the middle of the series. It can be realized from Fig. 5.15 that 
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Fig.5.12 Trends in ionic radii Fig. 5.13 Atomic (covalent) and 
for alkali and alkaline earth ionic radii ofthe halogen family 
metals 
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Fig.5.14 Periodic Variation in atomic (or covalent) radii. The largest 
atoms in any period are the alkali metals 


carbon (in the middle of Second period) and Silicon (in the middle of 
third period) hay the highest melting points in Periods 2 and 3 respec- 
tively, Similarly transition elements also attain the highest values for 
these Properties in the middle of the Series. 

A general gradation in these Properties is also observed in a periodic 
group. Generally densities increase while melting and boiling points 
decrease in moving down the group (Tables 5.12 and 5.13; Figs. 5.16, 5.17. 
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Fig.5.15 Melting points of the elements versus their atomic numbers. 
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Fig.5.16 Trends in densities of alkali metals 
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Fig.5.18Trends in densities of halogens 
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Fig.5.19 Trends in melting and 
boiling points ofhalogens 


TABLE 5.11 Densities, atomic sizes, melting and boiling points of the second and third 
period elements. 


Elements of Li Be B С N о Е Ne 
second period 


Density (g/cm?) 0.54 1.86 234 3.51 0.87 1.14 1.04 


Atomic size(pm) 123 89 80 77 75 74 72 154 
Melting point (К) 454 1550 2273 3800 632 546 53 244 
Boiling point (K) 1620 2733 2823 4473 772 90 85 27.2 


Elements of Na Mg Al Si P И СІ Ar 

third perid 

Density(g/cm’) 0.97 1.75 2.70 2.33 1.82 17 1.50 - 
(white) (rhombic) 

Atomic size(pm) 157 136 125 17 110 104 99 104 


Melting point (K) — 371 924 933 1683 313 392 172 84 
Boiling point (K) 1165 1380 2740 2628 553 718 2384 87 


TABLE 5.12 Physical properties of alkali metals 


Alkali Atomic Atomic Density Melting Boiling 
metal number radius, pm g/cm? point, K point, K 
Li 3 123 0.54 454 1620 
Na 11 157 0.97 371 1165 
K 19 203 0.86 336 1047 
Rb 37 216 1.53 312 961 
Cs 55 235 1.87 302 951 


TABLE 5.13 Physical properties of halogens 


Halogen Atomic Atomic Density Melting Boiling 
number radius, pm g/cm? point,K point,K 

F 9 72 14 53 85 

cl 17 99 1.5 172 238 

Br 35 114 32 266 332 

I 53 133 49 386 456 


5.7.4 Ionization Energy 

It is the minimum amount of energy required to remove the 
most loosely bound electron from one mole of gaseous atoms (isolated 
atoms) of an element, resulting in the formation of a positive ion. 

X + energy ——>X'*re 
(Gaseous atom) (Gaseous ion) 

The process which corresponds to the above equation is called 
the first ionization energy of X, and is expressed in kilo joules per mole 
(kJ mol?) of atoms of X. i 
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Thus, the energy required to remove the second electron from 
Х* is termed the second ionization energy, and so on. Generally, the 
second ionization energy is higher than the first, е.2., 


First ionization energy, Му (р) + 737 kJ mo —» Mg’ (g) + € 


Second ionization energy, Mg*(g) + 1450kJ mo? ——9»-Mg? (р) + € 

Successive values of ionization energy of an element show an 
increasing trend. This trend is expected as the species from which the 
electron is removed becomes progressively more positively charged. 
The attraction between the positive ion and the electron is stronger than 
between the neutral atom and the electron. 


The variation of the first ionization energy across the periods and 
down the groups, illustratéd in Fig. 5.20, parallels quite closely the trends 
in atomic size. This really should not be too surprising since the ionization 
energy of an atom should depend upon the distance of the electron from the 
pucleus. In addition, it should also depend upon the magnitude of nuclear 
charge and the shielding effect of the inner electrons. 

Thus, we find that the ionization energy decreases on descending a 
group because the force with which a nucleus attracts an elecoron drops off 
rapidly as the distance between the electron and the nucleus increases. Ad- 
ditionally, the decrease is due to the fact that filled sets of inner orbitals 
screen the positively charged nucleus from the outermost electrong which 
therefore, are not strongly held. 

As we move across a period, an increasing amount of energy is 
required to remove an electron from the outermost (valence) shell. The 
increase is due to the fact that the force of attraction between positively 
charged nucleus and electrons increases because the added electrons while 
occupying the same shell experience the increased nuclear charge which 
causes the shell to shrink in size. Additionally, the filled sets of inner 
orbitals shield the nucleus from the ontermost electrons to a small extent 
as the building up of the atom with increasing atomic number takes place 
in the same shell. Thus, the larger effective nuclear charge and smaller size 
make removal of the electron more difficult. 


iss EM 


М Effective nuclear charge : The ease with which the outer electron 
is removed from ап atom is governed by the extent to which it is influenced 
by the positively charged nucleus, Owing toshielding provided by the inner 


electrons in an atom, the valence electron doe: 


i s not experience the nuclear 
charge fully (corresponding to the atomic number, Z) but an effective 


nuclear charge, Z* (Z* =Z-S, where S= shielding effect). Electrons in the 
Same sutishell (subshell from which electron is to be removed) also shield 
each other to a smallextent, This adds to the shielding afforded by the inner 
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Fig.5.20Variationoffirst ionization energy withatomic number 


electrons. It is also responsible for the overall increase in ionization energy 
whichoccurs withineach period (within groupalso). 


Figure 5.21 shows the non-uniform increase in ionization energy that 
occurs on traversing the first two short periods. If we examine the trend very 
closely we note some irregularities. The high values for Be and Mg are 
attributed to the stability of a filled s orbital. The high values for N and P 
depict that a half-filled p orbital is also stable. The values for B and A1 аге. 
lower because removal of electron takes place from the singly occupied 2p 
and 3p sub-shelis respectively. The 2pis higher in energy than the 2s, so the 
2p electron of B is more easily removed than а 2s electron of Be. Similarly 
the 3pelectronof Al ismore easily removed than 3selectron of Mg. 
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insertation of the transition elements between the elements of groups 2 
and 13. The insertation of d electrons have a bearing effect on the 
values for Ga, In and ТІ. The trend in the transition series is irregular. 
The additional electrons in these elements occupy the inner (n-1)d 
level but the electron to be ionized, i.e., ns is in the higher level. In 
successive elements, the increased nuclear charge is largely shielded 
by the additional (n-1)d electrons and the higher level ns electrons 
experience almost the same effective nuclear charge. As a result, ioni- 
zation energies remain almost constant across a row of transition met- 
als (Fig. 5.23). Table 5.14 gives Ist ionization energy for various ele- 
ments. 

Figure 5.20 also shows the periodicity for the first ionization 
energy with atomic number across each period. For example, (i) noble 
gases with the highest ionization energies in each period occupy the 
maximal positions, and thus, confirm their stable configurations, afíd 
(ii) alkali metals with the lowest values of ionizations energy occupy 
the minimal positions, and thus, confirm their highly reactive nature. 
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Fig. 5.22 The variation of first ionization energy with atomic number 
for alkali metals 
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TABLE 5.14 Istionizationenergles for the elements (kJ mol) 


——M——————— REE 


H He 
1312 2372 
Li Be B с N [9] F Ne 
520 899 801 1086 1402 1314 1681 2080 
Na Mg Al Si E S СІ Ат 
496 738 578 787 1012 100 1251 1520 
K Ca Ga Ge As Se Br Kr 
418 594 586 710 954 946 1150 1360 
Rb Sr In Sn Sb Te I Xe 
403 556 565 715 841 879 1020 1180 
Cs Ba Tl Pb Bi Rn 
374 510 594 724 711 1040 
First transition metal series 

Sc Ti M C Mn Fe Co Ni Cu Zn 


633 658 650 652 717 762 758 736 745 . 906 
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Fig.5.23 The variationoffirst ionization energy with atomic number across 
thefirstseriesoftransition metals. 


5.7.5 Electron Affinity 


Itis believed that charge of an electron in an atom is located in a very 
small volume; in principle the charge cloud extends to infinity. As a result, 
the positive charge of the nucleus is riever fully balanced by the orbiting 
electrons. This makes atoms to attract to themselves. If any orbital is empty 
to accommodate anelectron within the atom, energy is released. 


The energy change, when an electron is added to an isolat 
atom inits ground state, isthe electronaffinity. 

X(g)+e=— >X (g)+ Energy (Electron affinity) 

For example, the electron affinity of the CI atom is 348kJ mol.^ 
Thus, 348kJ energy is released when 1 moleof CI atoms combines with 
1 moleofelectrons to give 1 moleof Cl-ions. 

cig) +e => Cre) +348kJ mol" 

The greater the electron affinity of an element, the more stable is its 
anion with a’-1' charge. Positive values of electron affinity, by convention, 
show the release of energy (exothermic) in anion formation. For a few 
elements energy is required to add an electron (endothermic), so the 
electron affinity is ne gative(Fig. 5.24). 


gaseous 


Thereare cases, when more 

than one electron are added to the 

QUANTUM LEVEL outershell of the atom. For ex- 
ample, oxygen can from an ion, 
O% Having acquired an electron. 
an atom becomes negatively 
charged, and therefore, addition 


$ of second electron requires sup- 

3 ply of energy. Thus, the electron 

affinities subsequent to the first 

E are endothermic quantiy. Table 
2 5.15 contains electron affinities - 

ofsomeelements. 

The periodic variation in 

electron affinity generally paral- 

Jels the variation in atomic size as 

1 —————— it involves the placement of an 

ENERGY EVOLVED clectron into the outershell of the 


atom. In Table 5.15, we observe 
Fig. 524 Energy level dia- that electron affinity generally 


gram for the addition of elec- increases as we move from left to 
irons. The energy evolved rightacrossa period (Fig. 5.25) as 
depends on the level to which atoms become smaller and the 
the electron falls nuclearchargeincreases. As we 


move down a group, electron affinity generally decreases with increasing 
atomic size (Fig. 5.26). Attraction of the electron is always affected by the 
nuclear charge and shielding effect. The closer the electron can get to the 
nucleus, the greater the effect of the nuclear charge. Therefore, smallatoms 
(elements from groups 16 and 17) have very large electron affinities 
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because outershells are not screened, 
and thus, experience a high effective 
nuclear charge. This causesa strong 
affinity between the nuclear charge 
and the outer electrons. On the 
other hand, large atoms (e.g. 
elements from groups 1 and 2) 
have smali electron affinities 
because their outershells feel the 
effect ofa small. effective nuclear 
charge. 


From Table 5.15, we find that 
the non-metals, e.g., №, О and Е have 
lower eiectron affinities than the ele- 
ments just below them, e.g., P, S and 
Cl (Fig. 5.25). This is a matter of su- 
Tprise because in a given group, size 
increases on going down. Apparently, 
the incoming electron experiences 


Fig 5.25 Variation in electron affini- repulsion Mam esi electrons uc 
ties for the second and third period ady present within the small atomic 


elements. Orbital to which electron is volume, wh 


addedis also shown 
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Fig. 5.26 (a) Periodicity in electron affinities of the representative 
elements, and (b) Variation in electron affinities for the halogen family. 
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The electron affinities can be correlated with electron configu- 
rations. The addition of electron for group 1 elements is somewhat exo- 
thermic, even though these elementshave low attraction for theirsingle 


TABLE ‚5.15 Electron affinities for some elements (kJ mol-") 


ы NS er ree 


н Не 
73 -21.23 
Li Be B [9 N о Е Ne 
60 -100 27 122 9 141 333  -28.95 
Na Mg Al Si о $ сі Аг 
53 -30 44 134 72 200 348 -34.73 
K Ca Ga Ge As Se Br Kr 
48 30 120 7 195 329  -38.59 
Rb Sr In Sn Sb Te I Xe 
47 30 121 101 190 295 -40.52 
Cs Ba т! Pb Bi Rn 
45 30 110 110 -40.52 


Hat oenbbuiy o Pei rE ae 


electron, because the incoming electron occupies the lowest sub- level, 
апл orbital. In each period, for group 2 elements, like Be and Mg, the 
addition of electron isendothermic because the electronis added toa higher 
energynp orbital. The increased nuclear charge fromgroups 1to 13 and 14 


makes the addition ofelectron easier, hence, the processis exothermic. 


In case of group 15 elements, the incoming electron enters a half- 
filled p orbital and becomes paired. This process is not energetically 
favourable, especially in thecaseof nitrogen. 


The experimental determination of electron affinity is difficult. 
Values have been determined by mass spectometry for a few elements and 
in some other cases have been assigned indirectly from thermodyanamic 
data. Thus, it is difficult to draw generalizations from the limited data 
available, but it appears that electron affinities tend to increase across a 
periodas theatomic number increases. Trends within groupsarenotclear. 


5.7.6 Metallic and Non-Metallic Nature of the Elements 


Metals tend to form positive ions and non-metals tend to forni 
negative ions. From this point of view, metallicity and non-metallicity are 
entirely relative and are related to electronic structures. If you recall, you 
will remember that Na, Mg and Al can be converted to positively charged 


ions,é.g., 


ма Мае 
Мр ———> Mg” +26 
Al ———> А'+3е— 
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Such elements are called electropositive elements, Now if you nr 
to the periodic table, you will see that in going from left to right withina 
period, each successive element has one additional electron added to the 
same shell and one additional proton added to the nucleus. The result isan 
increase in electron density. The corresponding nuclear charge exerts a 
greater attraction for the electrons. Asa résult, valence electrons are pulled 
more effectively by thenucleus. 

Now on comparing the elements from the same period, say sodium | 
and magnesium, it is concluded that valence electron in sodium is less 
tightly bound than in magnesium. It is, therefore, easier to remove an 
electron from sodium than from magnesium. On the basis of a similar 
argument, the elements belonging to the period 3 will lose an electron in. 
the following order : Na > Mg > Al > Si >Р > S > CI. In other words, the: 
electropositive or metallic character decreases from Na —> Mg —>Al 
—P»Si—»B—»S—» Cl. | 

Elements like F, O, N, etc. acquire electrons and become negatively | 
charged ions. Such elements are called electronegative elements. Оп the 
basis of logic used earlier there is an overall decrease in the size of an atom 
across a period from left to right. In general, as the size decreases the atom 
becomes more compact and the effect of nuclear charge becomes more) 
pronounced. This results into a corresponding increase in the ability of the 
atom to attract an electron to itself. Thus, F will have a stronger tendency, 
to acquire electron than O and N. Therefore, fluorine is more electronega | 
tive than oxygen and nitrogen. Thus, їп a period electronegative or not 
metallic character gradually increases from Li —> Be В —> CN 
—>0—>F. | 


i 
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Further support to the trends observed in the case of metallic and non- 
metallic nature of elements can be arrived at by knowing the nature of 
oxides (or hydroxides). Trends in the acid-base character of the oxides of 
s and p -block elements (representative elements) are shown in Fig. 5.27. 
Electropositive elements form basic oxides (or hydroxides whereas the 
electronegative elements form acidic oxides ( oracids). 
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Fig.$.27 (i) Acidic and basic properties of the representative elements and 
(ii) Classification of the elements as metals, metalloids and, non- 
metals onthe basis of acid-base character of their group oxides 


5.7.7 Properties of Hydroxides of Alkaliand Alkaline Earth Metals 
Hydroxides of alkali and alkaline earth metals are white crystalline 
solids. Hydroxide stability increases with increasing cation size. Their 
ionic nature increases with increasing cation size. Thus, ionic character 
and, hence, alkali strength increases from LiOH to CsOH; and from, Mg 
(OH), to Ba (OH),. The solubility of the hydroxides of alkaline earth metals 
increases from magnesium to barium : Mg(OH), < Ca (OH), < Ba (OH), 
(Table 5.16) and is lower than alkali metals. The hydroxides of Be and Mg 
are insoluble. Beryllium hydroxide is amphoteric in nature, Mg (OH), isa 
weak alkali, Ca(OH), and Sr(OH), are moderately strong alkalis, and 
Ва(ОН), is nearly as strongly basic as the hydroxides of alkali metals. 
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‘Hydroxides of alkaline earth metals are weaker bases than the hydroxides 


of the alkali metals because of their lower solubility and reduced ionic 
character. 


TABLE 5.16 Solubilities of hydroxides of alkaline earth metals in water at 298 К 


RODRIG ie a i ea н 
Property Be(OH), Mg(OH), Ca(OH), Sr(OH), Ba(OH), 
caliph Sas a Which ck E E co D 0 ыш уз з шш 
Solubility(g/L) Insoluble 0.03 13 8 38 


in water 


5.7.8 Properties of Halides of Alkaliand Alkaline Earth Metals 


Tables 5.17 and 5.18 include some properties of alkali metals halides. 


TABLE 5.17 Properties of chlorides of alkali metals 


Property Lici NaCl KCl RbCl CaCl 
_ Colour White White White White White 
Melting point (K) 883 1081 1045 990 918 
Boiling point (K) 1655 1738 1680 1654 1573 
Density (g/cm?) 2.07 2.16 1.99 2.16 3.97 
Solubility (g/L) 850 360 350 940 1900 
TABLE 5.18 Properties of fluorides of alkali metal 
Property LiF NaF KF RbF CsF 
Melting point (K) 1118 1268 1129 1048 955 
Boiling from (K) 1854 1977 1774 1681 1523 
Solubility (g/L) s 
in water at 298K 27 42.2 1020 1310 3700 


——————— —— — 


Tables5.19 and 5.20 give some properties of alkaline earth metals halides. 
TABLE 5. 19 Properties of chlorides of alkaline earth metals 


S AL NNT REL NT. PASE ЗЫЛ НЫЗ М” ы... 
Property Весі, MgCl, CaCl, SrCI, Васі, 


eK Mee M DN 
Colour 


White White 


t ў White White White 
Melting point (K) 678 987 1045 1 148 1623 
Boiling point (K) 761 1691 1873 1523 — 
ролу a 1,899 2.316 2.512 3.052 3.856 
olubility in 720 550 
waterat 298K. da ui an 


ea ee T a a 
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TABLE 5.20 Properties of fluorides of alkaline earth metals 


Property BeF, MgF, CaF, SrF, BaF, 
Melting point (K) 795 1536 1691 1673 1593 
Boiling point (K) 1073 2500 2773 2733 2533 
Solubility (g/L) 

in water at 298K Soluble 0.13 0.016 0.72 16 


Б ас э л SSE aE eS 


On examining the 

Tables 5.17 and 5.18 and Fig. 

5.28, we observe that the 

(к) melting points of halides of 
alkali metals decrease in the 

order: fluoride > chloride > 

bromide > iodide. Figure 

F 5.28 for the melting points of 
1175 halides of alkali metals sug- 
gest that lithium halides gen- 

erally melt at lower tempera- 

ture than those of other alkali 

metal halides (with one or 

Br two exceptions because of 

the difference in the bond- 

975 \ ing). Table 5.19 shows that 


the melting points of alkaline 
earth chlorides increase from 
875 Be to Ba. For their fluo- 
rides, melting point in- 
creases from beryllium 
775 downwards in the group. 
Solubilities of alkali metal 
halides in water at 298K 


u die ; 1 " ri have been plotted in Fig. 

80 100 120 140 160 5.29. Trends in solubility 
depend upon the nature of 
lattice. Thus, the order of 
solubility of the alkali metal 
Fig.5.28 Trends in the fluorides, in which the lattice 
energy decreases from LiF to 
CsF should be: LiF < NaF < 
KF<RbF<CsF which agrees 
agrees with the experimental solubilities. However, the reverse solubility 
orderis observed for theiodides, with caesium iodide being the leastsoluble: 
LiJ > Nal > Kl > КЫ > CsI. 


1075 CI 


IONIC RADIL (pm) 


melting points of alkali 
metal halides 
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SOLUBILITY (9/1009 H,O) 


9 Li Na K 


Rb Cs 


Fig. 5.29 Solubilities of halides of alkali metals at 298 К 


5.7.9 Properties of Sulphates and Carbonates of Alkali and Alkaline 
Earth Metals 
The solubility of the sulphates ofalkali and alkalineearth metals in 
water decreases on descending the group. For example, magnisium 
sulphate is freely soluble but calcium sulphate is only slightly soluble and 
the sulphates of Sr and Ba are virtually insoluble. Although, essentially 
all alkali metal compounds dissolve well in water, some common alka- 


line earth compounds such as Mg0,MgF,, CaF, Sr CO, SrSO, and 
BaSO,do not. . 


The alkali metal carbonates are white solids, soluble in water 

` (except Li,CO,) and stable to heat. Carbonates of Na, K, Rb and Cs are 

deliquescent. Lithium carbonate is insoluble in water and is readily 
decmposed by heat. 

The alkaline earth metal carbonates are white solids, soluble in 

water and unstable to heat. Unlike the alkali metal carbonates (other than 

Li,CO,), they decmpose when heated giving the oxides and CO,. The 
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stability to heat and solubility in water increase from Mg to Ba (according 
to basic character). BothBeand Mg carbonates are insolublein water. 

The factors influencing the solubility of compounds are out of the 
scope of this book. The analysis of the solubilities data reveal that trends 
in solubilities of group 1 and 2 compounds are complex. In fact, almost all 
group 1 compounds are soluble in water. Sodium and potassium com- 
pounds are, for thisreason, widely employedas sources of negative ions. 


TABLE 5 21 Melting points (K) of halidesof alkaline earth metals 


Mets! Е [e] Br Е 

Ве 795 678 761 783 
Mg 1536 987 984 973 
Ca 1691 1045 1003 1013 
Sr 1673 1148 916 780 
Ba 1593 1623(1236) 1120 984 


The trends in solubilities in group 2 compounds are also difficult to 
generalize. For example, the hydroxides become more. soluble 
down the group, whereas, the reverse is true for sulphates. Trends in 
solubility of group2 compoundsare given below : 


Chlorides —— All soluble 
Carbozates —— All insoluble 
Suiphates ——  Be,Mg soluble; 
Ca, Sr, Ba insoluble 
Hydroxides = —— Be, Mg insoluble; 
Ca,Sr, Ba soluble. 


SELF ASSESSMENT QUESTIONS 
Multiple Choice Questions 


5.1 Puta( v^ ) mark against the most appropriate choice : 
(i Те law of octaves was advanced by 
(a) Newlands (b) Dobereiner (c) Lothar Meyer (d) Mendeleev 
Gi) The basis on which Mendeleev constructed his periodic table is : 
(a) atomic number (b) atomic mass 
(c) atomic volume (d) atomic size 
(i) ^ Which of the following elements did not find place in the Mendeleev's original 
periodic table? 
(a) Aluminium (b) Silicon (с) Zine (d) Germanium 
(iv) Which of the following sets of elements do not belong to the same period of the 
periodic table? 
(а) ЕСІ, Br ©) C N,O (9 Na Mg Al (d) PS, СІ 
(v) | Which of the following sets of elements do not belong to the same group of the 
periodic table ? é 
(a) Cu, Ag, Au (b) Li, Na K (9 Mg, Ca, Sr (d) Al, Si, P 
(vi) — Which of the following elements is the most electronegative? 
(a) Fluorine (b) Chlorine (с) Bromine (d) Iodine 
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(vii) 


Which of the followings describe the process of addition of an electron to an atom? 
(a) Electronic configuration (b) Atomic size (c) Atomic number (4) Valency 


(viii) Which of the following statements conceming atomic size is correct ? 
(a) Atomic size increases with increase of atomic number in a period. 
(b) Atomic size increases with increase of atomic number in a group. 
(c) Atomic size is independent of atomic number. 
(d) All of the above. 

(ix) The first ionization potential of Na, Mg, Al, and Si are in the order. (ПТ 1988) 
(а) Ма < Mg > AI « Si (b) Na» Mg» Al > Si 
(c)Na < Mg < Al > Si (d) Na» Mg» AI «Si 

(x) Atomic radii of fluorine and neon in Angstrom unit are respectively P 1 
(а) 0.72, 1.60 — (b) 1.60, 1.60 (c) 0.72,0:72 (d) None of these values. 

(xi) Тһе first ionization potential in electron volts of nitrogen and oxygen atoms are 
respectively given by 
(a) 14.6, 13.6 (Ъ) 13.6, 14.6 (с) 13.6, 13.6 (d) 14.6, 14.6 

(xii) Which of the following electronic configurations represent the atom with the 
largest first ionization potential ? 
(a) [Ne] 3?3p?. (b) 152 292p (c) [Ne] 3s?3p* (d) [Ar] 3d" 4g? 4p? 

(xiii) А representative element that is a metal is 
(a) Zn (Б) Ст, (е) Sr (9) Ѕе 

(xiv) Which of the following salts is not soluble in water ? 
(а) BaSO, — (b) NaCl (с) BaCi, (d) Na,SO, 

(xv) Which of the following ions has the smallest radius? 
(a) Li* ()Be* (c) 0- (d) F- 

5.2 Fill in the blanks 

(i) Theelements are arranged in the periodicta 

(ii) 

(ii) 

(iv) The properties of an 

(у) Elements with eight electrons intheir outermost energy level are called ......... 

(vi) The elements can be divided into........ blocks according totheir........... 

(vii) Тһе metallic character ......... with increase of atomic number in agroup. 

(viii) ^ From left to right within a Period, the strength with which the nucleus attracts the 
electrons in the outer energy level......... 

(ix) ++ Of fluorine does not fall in line with the general trend. 

(x) A graph of the first ionization potentials of the elements plotted against ....... helps in 
finding outthe number of........... ina principal energy level. 

5.3 Point outthe correct Statements of the followings: 

(i) The elements, When arranged in order of increasing. atomic number, exhibit a 
periodicity in properties. 

(ii) ‘The size of atoms increases indescending 4 groupin the periodic table, 

(ш) Ше ЕЛЫН ге arranged in the periodic table (long form) in order of their increasing 

(iy) Бот left to right within a period, the Strength with which the nucleus attracts the 
electrons inthe Outer energy level increases. 

(v) fis пша Occupying the centre and left of the Periodic table are classified as 
metals. 

(vi) Mendeleev in his Periodic table Put argon before potassium even though the atomic 
mass of argon ishigherthan that of potassium, 

(vii) Elements having the Same atomic masses are called isotopes, 

(viii) mrs of elements have been assigned separate place in the long form of periodic 

(ix) Magnesium is moreelectropositive than sodium, 

(x) Elements with 8 ele. 


cirons in the outer shell are called noble gases, 
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5.4 Match the descriptions under column B against the statements/terms given under — — 


column A. 
COLUMN ‘A’ COLUMN ‘B’ 
(i) Periods 1. Belongs to p-block 
(ii) Groups 2.  Venical columns of the periodic table 
(iii) Copper 3. Belongs to d-block elements 
(iv) Aluminium 4. Horizontal rows of the periodic table 
(v) Alkali metals 5. Elements belonging to group 1 
(vi) Transition elements 6. Elements from groups 4 to 12 
(vii) Sulphur 7. A unit for expressing energy 
(viii) kJ mol 8.  Avogadro's number 
(ix) 6.022 x 10” 9.  Anoble gas 
(x) Neon 10. A representative element 
Short Answer Questions 


5.5 (i) Give the terms used to express the following : 
(a) Vertical columns in a periodic table 
(b) Horizontal rows in a periodic table 
(c) Elements having the same atomic number 
(d) Elements which form both acidic and basic oxides 
(e) Elements having one electron in the outer shell 
(f) Elements toward the upper right of the periodic table ` 
(ii) (a) Using the modem periodic table give the two pairs of elements where the 
atomic masses are in the opposite order to the atomic numbers. 
(b) Which has the larger radius ? 
(i) MgorCa (i) SorCl 
(c) Which is more metallic ? 
(i) Naor Mg (i) CorSi 
(ii) ^ Choose the alkali metal, noble gas, alkaline earth metal, halogen or transition metal 
of the following elements : 
Sr, K, Xe, Zn, Mn, Fe, He, Н, F, 1, S and С. 
(iv) What is the fundamental difference between the groups A and B which are used in 
the Mendeleev periodic table? 
(V) In terms of electronic configuration, what the elements of a given period and group 
have in common ? 
(vi) (а) Which two elements of the followings belong to the same period ? 
Al, Si, Be and О 
(b) Which two elements of the followings have structural similarity ? 
Na, K, Ne and Ca. 
(c) Which of the following electronic arrangements represent metals ? i 
2, 8, 2; 2, 8, 7; 2, 8, 8 and 2,8,1. 
(vii) ^ Among the elements Li, K, Ca, Sr and Kr which one has the lowest first ionization 
: energy? Which one has the highest first ionization energy? ‹ 
(viii) Among the elements Li to Ne, pick out the elements 
(a) With the highest first ionization energy 
(b) With the highest electronegativity 
(c) With the largest atomic radius 
(d) That is the most reactive non-metal 
(e) That is the most reactive metal 
(ix) Which of the following pairs of elements would you expect to have lower first 
ionization energy ? Explain. 
(a) ClorF, (ii) ClorS (iii) KorAr, and (iv) Kr or Xe. 
(x) Why does the first ionization energy increase as we go from left to right through а 
given period of the periodic table? 
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3.6 


(a) Which of the following pairs of elements would have a higher electron 
affinity ? Comment. 
(i)NorO (ii) F or Cl. 
(b) Account for the fact that the 4th period has eighteen elements not eight 
elements. 
(с) Give the formula of a species that will be isoelectronic with the following 
atoms or ions. 
(1) Ne, (ii)CI- (iii) Ca* (іу) Rbt : 
(d) How do atomic sizes vary in a group and in a period? Give reasons for the 


variations. 
(e) Which of the following pairs would have a larger size? Explain. 
(i) KorK* (ii) Br or Br— (iii) O~ or F- 


(iv) Litor Ма*, (у) Por As (vi) Na* or Мр2+ 
(f) The first (I E,) and the second (1 Ej) ionization energies (kJ mol-!) of 
a few elements designated by Roman numerals are shown below :- 


I 2372 5251 
П 520 7300 
ш 900 1760 
IV 1680 3380 
Which of the above elements is likely to be 
@ а reactive metal, 
ii) а reactive non-metal, 
(iii) a noble gas, and 
(iv) а metal that forms a stable binary halide of the formula, AX, (X= 
halogen), 
TERMINAL QUESTIONS 


5.1 (а) Which of the alkali metals has 


(b) Predict with explanation whi 


5.2 
5.3 
54 
5.5 
5.6 
5.7 


5.8 
5.9 


5.10 


5.11 
5.12 


(i) the largest atomic radius, 

(ii) the smallest number of electrons per atom, and 
(iii) the smallest positive ion? 
ch ion in each pair is the. larger : 


(0 Mg or Ca? (ii) К+ or Ca? (iii) CI- or K+ (iv) F-or CI" (v) Na or Na*, 
(vi) Bror Br- 


Describe the early 


attempts to classify the el ts leadi , 
periodic table, y ements leading to Mendeleev's 


Write notes on the follo 


wings : 
(a) Dobereiner's triads 


(a) Which of the followin, elements К 
Na, AI, S, Cl, Cu, 8 С ents belong to p -block? 


(b) Which elements constitute the halogens, 


Sd thenoble gases and the. alkaline earth 


The valence of representative element is either equa 
‘ ' М al to th 
electrons or eight minus this number what idee el this zm rg zu pue 
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5.13 Lanthanides and sctinides are placed in separate rows at the bonom o өр 77 
table. Give reasons for this arrangement. 
5.14 Explain the following periodic properties 
(i) ionization energy, (ii) valence, (ii) electron affinity (iv) metallicity 
5.15 Describe and account for the general trend of electron affinities across one period 
using this data below: ‘Also explain the low value forthe electron affinity of P. 
Si P s а 
EA ` 
kJmol™ 120 14 200 348 
ANSWERS TO SELF ASSESSMENT QUESTIONS 
51 @) (2), Gi) ©), Gii) (8), (У) (в), (0) ( , (vi) (a), (vii) (a), (viii) (5), (ix) (а), (х) (а), 
(xi) (a), (xii) (5), (xiii) (с), (xiv) (а), (xv) ©) 
52 () ei beri) periods, i) groups, (iv) atomic number, (v)nobie gatet, 
(vi) four, electronic configuration, (vii) increases, (viii) increases, (ix) electron affinity 
(x) atomic number, orbitals 
53 Statements (i), (ii), (iv). (v), (vi) and (x) are correct 
54 (1) 4, Gi) 2, Gii) 3, (iv) 1,(¥)5, (vi) 6, (vii) 10, (viii) 7, 0х) 8, (х)9. 
55 () (а) group, (b) period, (c) isotopes, (d) metalloids, (e) alkali metals, and (f) non- 


metals 
Gi) —(a)Argon and potassium; cobalt and nickel 
(b) (i) Ca (ii) S; (c) @) Na Gi) Si 
(ii) ^ Alkalimetal $ 


Alkaline earth metal E Sr, 
Noble gas : Xe,He , 
Transition elements Se Mn, Zn, Fe, 
Halogen 2 : "n 
(iv) Ф) Group A elements are representative elements and group B elements are tran- 
sition elements $ 


(v) (а) Forelements in a period the number of shells is equal; for elements in a group 
thenumber of electrons inthe outermost shell is the same 
(vi) (а) AlandSi, tb) NaandK (с)2,8,1 and2,8,8,2. 
(vii) Lowest ionizatioon energy : K 
Highest ionization energy E Kr 
(viii) (0) №е, Gi) Е, (iii) Li, Gv)F ()Li 
(ix) (i) Cl, because its sizeislargerthanF 
Gi) S, because its size is larger than Cl and it has been placed earlier than Cl 
inthe same period 
(iii) К, Potassium is an alkali metal with (Ar) 4s" while Kris a noble gas with 
(Ar) 34'° 4s! 4p* 
(iv) Xe, becauseits sizeis largerthan Kr 
(x) Thefirst jonization energy increases due to the increased nuclear charge across 
the period. 


5.6 (i) Oxygen: Oxygen is more electronegative than nitrogen. The incoming electron inthe 


(i) 
(5) 


case of N is added to a half filled p orbital. Hence, the process is endothermic. In the. 
case of oxygen the process is relatively exothermic a$ the unscreened nuclear charge 
increases by one unit. 2 
CI ; Apparently it is because the fluorine atom is small and the incoming electron 1$ 
repelled by the electrons already present within the small atomic volume. 

A graph of the first ionization energies of the elements plotted against atomic number 
answers this question as it tells us about the number of orbitals that can be possible for 
principal energy level n = 4. It involves extra 3d orbital which can accommodate 10 
electrons. 5 
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(с) 
(9) 


© 


(i) Na*orF-, (ii) Ar огСа?+ (ii) ArorCI- (iv) Kror Sp 
For detailed answer see under periodic Properties. Increased effective nuclear charge 
across the period makes the outermost electrons come close to the nucleus, which 


In a group, atomic size increases from top to bottom as with every element a new 
Principal energy level is E 
(i) K, : because With the removal of electron the effective nuclear charge in K+ has 


(vi) Na+; Both Na* and Mg” are isoelectronic. Nat experiences a lower value of 
effective nuclearcharge. 


(8) П, (IV, (су, (d) III. 


RR 


UNIT - 6 


Bonding and Molecular Structure 


To him who is a discoverer in the field (of science), the products of his 


imagination appear so necessary and natural that he regards them, and would like to 
have them regarded by others, not as creations of thought but as given realities. 


(ALBERT EINSTEIN) 
(1879-1955) 
UNIT PREVIEW 
6.1 Introduction 
62 Chemical bond and Lewis structures 
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6.4 


6.5 


6.6 


6.7 


6.8 


6.9 


6.10 


6.2.1 Octet rule 

6.22 Tonic bond 

6.23 Covalent bond 

6.24 Coordinate covalent bond 


Shapes of molecules 
6.3.1 VSEPR theory 


Quantum theory of the covalent bond 

6.4.1 The hydrogen molecule 

6.4.2 Sigma (e) and pi (тт) bonds and some simple molecules:hydrogen, 
fluorine, hydrogen fluoride, electronegativity, water, oxygen, ammonia 


The concept of hybrid orbitals and geometry of molecules 


sp’ hybridization : methane, ethane, ammonia and water 
sp? hybridization : ethene, boron trichloride 
sp hybridization : — ethyne, beryllium fluoride 


lonic bond as an extreme case of polar covalent bond 


Ionic character of bonds and polar molecules 
67.1 Molecular polarity and dipole moment 
6.7.2 Percentage ionic character of covalent bond 


Bonding in solid state 

6.8.1 Ionic solids 

6.8.2 Molecular solids 

6.8.3 Covalent solids 

6.84 Metallic solids : metallic bond 


The hydrogen bond 


Resonance 


Self assessment questions 
Terminal questions 
Answers to self assessment questions 


LEARNING OBJECTIVES 


1. 


A 


At the completion of this unit, you should be able to : 7 
Define and describe chemical bonding by the atomic orbital method 


Write electron dot formulae (Lewis structures) for atoms 


and chemically 
combined atoms 


Understand the significance of ‘octet rule’. 


State what is meant by ions * 


clemeiits tend to combine to form com- 
ble gas structure 


Recognize that, as a general rule, 
pounds in which they have a nol 


Explain how ionic and covalent bonds are formed between atoms 

State the conditions governing the formation of ionic and covalent bonds 
Explain the formation of a dative or coordinate bond 

Describe the formation of multiple bonding in simple molecules 
Differentiate between covalent and ionic compounds 

Write Lewis structures for the various molecules 


Define the term electronegativity 


Predict the geometry of simple molecules and polyatomic molecules 
Understand the meaning of sigma (e ) and рі (x) bonds 


Identify the type of orbital hybridization associated with the structures of some 
molecules * у 


Give a definition of polar bond ana polar molecule 


Predict the polarity, of lectiles on the. basis of symmetry and asymmetry of 
covalent bonds ae anes Ж « Ех 24 © 


et cr 9 


Explain the bonding in solid state 


Describe the characteristics of ionic solids, molecular solids, covalent solids and 
metallic solids ү 


A 


Explain and understand the bonding involved in metals 


Describe hydrogen bond 


Differentiate between hydrogen bond and other weak forces 


Understand the meaning of the term resonance 
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61 INTRODUCTION 


In Unit 1 we introduced elements, the fundamental substances 
whose atoms make the basic materials used in constructing all living 
and non-living things. But the fact is that the isolated atoms of nearly 


nations of atoms. This possibility is fully realized in nature. And with 
this diversity of substances, is associated the diversity of physical and 
chemical characteristics shown by nature’s most fascinating creations; 
the tanginess of salt, the transparency of diamond, the fragrance of 
rose, еіс. 

Our curiosity is aroused. If the familiar yet somehow mysterious 
and fascinating characteristics of many substances result from the dif- 
ferent arrangements in which nature joins its building blocks, what is 
mortar that keeps the atoms together? Now, having gained some 
understanding of the building blocks, we are in a position to know 
about the mortar. In this unit, we will discuss about chemical bonds 
and how they are formed. 

Why do atoms unite together to form molecules? How are atoms 
held together; as they are, e.g., in compounds such as NaCl and H,O 
and in the molecules of some elements such as H, and Cl, ? How is 

_ bonding achieved? * 

Following the discovery of the electron and the development of 
theories of atomic structure, it was suggested that the electrons revolv- 
ing round the nucleus were involved in the formation of chemical 
bonds between the atoms. Because the electrons in the completed in- 
nershells of an atom are held much more strongly than the electrons in 
outershells, the innershell electrons are not generally involved when 
atoms unite. In discussing chemical bonds, we will, therefore, be con- 
cerned only with the valence shell electrons. For many years scientists 
worked in quest of solutions of these and many other such questions. 
In seeking the solutions they Were always conscious of the fact that 
only a system with minimum energy could be stable. Molecules must 
obviously be formed with evolution of energy. Hence, they are more 
stable than atoms. 

The first clue to the chemical combination came only from the 
structure of noble gases and their remarkable inability to enter into 
chemical combination. It is fair to assume that noble gases have a 
stable electronic configuration and that the unreactive nature of these 
elements is due to their special electronic configuration. In 1916, Wal- 
ter Kossel and Gilbert N. Lewis independently advanced the view that 
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atoms tend to react together so as to attain the stable electronic con- 
figurations of the nearest noble gases. In the process of combining, 
atoms attain either the stable electronic configuration of helium or the 
configuration of some other gas. Since the atoms of noble gases, with 
the exception of helium, have eight electrons in their outermost shell, 
the Kossel and Lewis theory became known as the ‘octet rule’. There 
are many exceptions to the octet rule, but it is still a very useful 
concept for understanding the chemical bond. 

When two similar or dissimilar atoms approach each other, both 
attractive and repulsive forces start acting on them. As a consequence 
of these forces, the electrons present in the outermost shells of the 
atoms rearrange themselves to attain the stable structure of the nearest 
noble gas. As a result, a molecule is formed if the forces of attraction 
are stronger than the forces of repulsion. Thus, whenever atoms are 
held together by strong forces of attraction we say that there is a 
chemical bond. Now we are in a position to say that a chemical bond 
holds the two hydrogen atoms together in a molecule of hydrogen, Н,. 


We would also like to know why molecules like H,, H,, Н,, etc., do 


not exist. Molecules have a definite and distinct shapes. For example, 


water (Н.О) molecule is V-shaped, methane (CH,) is tetrahedral, am- 


ose we are used to. Obviously, 


IS that are responsible for the 
ules. 


> 


E О >No: 


As we discussed in Unit 5, the number of valence electrons of 
an element corresponds to the group number (or group number —10) 
of the element in the periodic table. So, the number of electron dots 
indicates the number of valence electrons. For Li, Be, B and Cj this 
number represents the common valence. Thus, Li and its neighbours in 
the same group are monovalent. Beryllium and the other alkaline earth 
metals with two valence electrons show bivalency. Boron (also Al, 
Ga, etc.) is trivalent and carbon is tetravalent (also Si, Ge, étc.). How- 
ever, for elements like nitrogen, oxygen, fluorine and neon the valence 
is calculated by subtracting the number of electron dots from 8. Thus, 
nitrogen, oxygen and fluorine have valency, 3, 2 and 1, respectively. 
6.2.1 Octet Rule 

As already discussed, that one of the first clues regarding chemi- 
cal bonding came from the noble gas atoms. There are no naturally 
occurring compounds of these noble gases. They exist in а monoat- 
omic state rather than combining together to form diatomic molecules 
as other gaseous elements do, e.g» Os М» Fp etc. Although it is now 
known that these gases do form molecules. Their little tendency tO 
form chemical compounds predicts that these atoms must be highly 
stable. What accounts for their unique behaviour? The noble gases are 
unique in having an electron configuration with an outermost shell of 
eight electrons. Keeping in view ihe stability of these gases, Lewis 
and Kossel (1916) proposed the octet rule. The octet theory states that 
in a chemical bond formation, atoms either tena to transfer one Or 
more electrons from one atom to another (ionic) or tend to share elec- 
trons mutually between atoms (covalent) to achieve the stable electron 
configuration of 8 electrons in the outermost shell (ns? пр). Generally 
this happens through the formation of one or the other type of bond - 
ionic (or electrovalent), covalent or coordinate. 
6.2.2, The Ionic (or Electrovalent) Bond 

Ionic bond results from the force of attraction between oppos- 
itely charged ions. lons are formed when electrons are transferred 
from one atom to another. As a result, ions acquire stable electronic 
configuration similar to those of the nearest noble gas. Let us consider 
this process in more detail by examining the nature of ionic bond in 
sodium chloride, a typical ionic compound. The electronic configura- 
tion of sodium is 2, 8, 1. Only the last electron is important for bond- 
ing. If the sodium atom transfers its single valence electron to 
atom, it acquires a positive charge (the resulting species has 10 elec- 
trons but still 11 protons, hence, it acquires the positive charge carn 
by the 11th proton). This positively charged species 15 
(Fig. 6.1). 
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№ Nat а Ci 

2.8.1 28 2.8.7 2, 8,8 
Fig.6.1 Formation of sodium Fig. 6.2 Formation of chloride 
ion. (Neon configuration with 8 ion. (Argon configuration with8 
electrons inoutershell) electrons in outer shell) 


The electronic configuration of chlorine is 2,8,7. The last seven 
electrons are valence electrons. If the chlorine atom accepts one elec- 
tron from the other combining atom, it acquires the negative charge 
(the resulting species has 18 electrons but still 17 protons, hence, it 
acquires negative charge due to extra electron). This negatively 
charged species is called an anion (Fig.6.2). 

When sodium chloride forms, the sodium atoms lose electrons 
(forming sodium ions), transferring them to the chlorine atoms which, 
in turn,accept them forming chloride ions (Fig. 6.3). i 

As the sodium atom transfers its valence electron, it attains the 
electronic configuration of the neon atom (2, 8). As the chlorine atom 
accepts the electron, it attains the electronic configuration of the argon 
atom (2, 8, 8). The interaction between a sodium atom and a chlorine 
atom may be illustrated by electron dot representation (Lewis struc- 
ture). Figure 6.4 illustrates the Lewis representation. 


NOTE : Electrons shown by dots and small circles are identicals. 


They have been shown by different symbols just to indicate that they 
belong to different elements. 


or 


SODIUM ATOM CHLORINE ATOM SODIUM ION CHLORIDE ION 
(2,8,1) (2,8,7) (2,8) (2,8,8) 


Fig. 6.3 Electrovalent interaction of sodium and chlorine to form so- 
dium chloride 
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Fig. 6.4 Lewis representation of sodium chloride 


The cations and anions that are formed attract each other (by 
virtue of their opposite charges) to produce an infinite three dimen- 
tional crystalline lattice of sodium chloride. 

2Na + Cl, ——> 2(Na* CI) + Energy 

Let us consider a few more examples. 

Magnesium Chloride : Magnesium atom has two electrons in its outer- 
most shell. The two electrons are transferred to two chlorine atoms. In 
this process, magnesium ion (Mg?) and the two chloride ions (CI) 
acquire the stable electronic configuration of noble gases. The interac- 
tion has been portrayed in Fig. 6.5. Lewis representation of magne- 
sium chloride is given in Fig. 6.6. 


MAGNESIUM TWO CHLORINE MAGNESIUM TWO CHLORIDE 
ATOM (2,8, 2) АТОМ (2,8, 7) ION (2,8) IONS (2,8, 8) 


Fig. 6.5 Electrovalent interaction of magnesium and chlorine to form 
magnesium chloride 
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Fig. 6.6 Lewis representation of magnesium chloride 


Calcium Oxide : Calcium atom with electronic configuration 2, 8, 8, 
2 loses two electrons to form Са? ion (2, 8, 8). The two electrons lost 
by calcium are accepted by oxygen and,in turn becomes oxide ion, O? 
(2,8). Thus, the atoms attain stable electronic configurations. The dia- 
gram for the formation of calcium oxide is shown in Fig. 6.7. 

The electron dot representation for calcium oxide is given in Fig. 6.8. 


CALCIUM ATOM OXYGEN CALCIUM ION QRYGEN: ION 
(2.8, 8, 2) ATOM (2,6) (2,8, 8) (2, 8) 


Fig. 6.7 Electrovalent combination of calcium and oxygen to form 
calcium oxide 


a? оо 
Са QS gie cy Cat + 298 
(2.8,8, 2) a (2.8, 8) 2.8) 
ARGON EN 
CONFIGURATION CONEIGURATION 


Fig. 6.8 Lewis representation of calcium oxide 


The transference and acceptance of electrons in the formation of 


: E other electrovalent compounds is illustrated in Figs. 6.9 and 
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Fig. 6.9 Formation of aluminium fluoride 


Na 
P 
+ s: ——» ри} TU |e NaS 
Na (2, 8, 6) (2, 8) (2, 8, 8) 
(2, 8, 1) 


Fig. 6.10 Formation of sodium sulphide 


Thus, the number of electrons gained or lost by an atom of an 
element during chemical combination so as to attain stable configura- 
tion is called its électrovalency. 

From the above it is evident that electronic configuration of an 
element helps to decide about the nature of elements which can form 
electrovalent bonds. Generally the element which can donate electrons 
easily, i.e., electropositive (metallic) elements like, Li, Na, K, Be. Mg, 
Ca, etc. and the elements which can accept the electrons easily, i.e., 
electronegative (non-metallic) elements like, F, Cl, O, S, etc. form 
ionic bonds, and hence, ionic solids. 

Energy Changes in Ionic Compound Formation 

A simple picture of the energy changes involved in the forma- 
tion of an ionic compound was suggested by M. Born and F. Haber. 
They considered the formation of sodium chloride from its elements. 

Na(s) + 1/2 CL(g) —>NaCl(s) 

According to them it involves three steps as given below : 

1. Production of the cation 
Vapourization of sodium М№а(ѕ) ——> Na(g) Endothermic 
Ionization of sodium Na(g)——>Na’*(g)+e—  Endothermic 
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2. Production of the anion 

Dissociation of chlorine у CL(g) — Сів) Endothermic 

Ionization of chlorine Cl(g) + е —CI-(g) Exothermic 

(electron affinity) 

3.  Combinaion of ions to form М№а* (g) + Cl-(g) —>Na’CI-(s) 

a crystalline solid Exothermic 

The driving force in the formation of an ionic bond is a lower- 
ing of the energy of the particles that come together to from the com- 
pound. Thus, in the formation of sodium chloride, solid sodium and 
chlorine molecules should pass to a lower energy level by forming 
ionic bonds. In fact, lowering of the energy of a system contributes to 
its stability. 

The process of formation of ionic compounds involves three 
following steps for which energy data are available. These steps can 
be illustrated by taking the example of sodium chloride. 

l. Production of the cation : It involves the formation of the indi- 
vidual gaseous sodium (metal) atoms from the solid sodium. 

Na (s) + (Heat of atomization,108.8 kJ ) —> Na(g). 

To produce cation, an electron is removed from the neutral 
gaseous atom. This process takes energy. This energy required in the 
process is called ionization energy. 

Na(g) + (Ionization energy, 496 kJ) —> Nat (g)+e— 

2. Production of the anion : It involves the formation of individ- 
ual gaseous chlorine (non-metal) atoms. 

1/2 CL(g) + (Dissociation energy, 121.2 kJ) —> СІ-(р) 

To produce anion, an electron is added to the neutral chlorine 
atom. This process releases energy, i.e., it is a favourable process. 
This energy change is called the electron affinity of the atom. 

Cl(g) + e- —> CI- (g) + Electron affinity, 348 kJ). 

Thus, the amount of energy required to produce isolated cation 
and anion is 378.0 kJ. 

3. Attraction of oppositely charged ions : The electron transfer 
from Na to Cl atom is not favoured energetically. However, Na*. CI- 


released. The magnitude of crystal energy is such that it fulfils the re- 
quirement for the first and second Steps also. An excess energy is lib- 
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energy level than the elements. They may combine by the formation 
of covalent bonds. 

Solid sodium chloride can be formulated as NaCl or Na*Cl-. It 
represents only the empirical formula. No molecular formula can be 
assigned as a solid ionic compound does not contain any molecule. 
With the valence of the elements, empirical formula of an ionic com- 
pound can be easily suggested. The valence is equal to the number of 
charge units on the ion. 

From the above it is derived that most stable ionic compounds 
will result when elements of low ionization energy combine with ele- 
ments of high electron affinity, or when the lattice energy of the re- 
sulting compound is very large or both. 


Na*(g) + Cg) + e— 
AH’ pa = —348 kJ 


Na* (g)4CI" (9) 


Na(s) + 


$ Clea) U= 788 kd 


ENERGY —— > (KJ) 


Relative energies of various combinations of sodium and chlo- 
rine per mole of each atom. 

Since metals generally have low ionization energies and elec- 
ton affinities, they tend to lose electrons to form cations; non-met- 
als, on the other hand, have large ionization energies and electron af- 

 finities, so they accept electrons to give anions. Accordingly most of 
the compounds obtained from metals and non-metals are ionic, іе, 
compounds formed with elements from group 1 and 2 and 7 are ionic. _ 

Electronic structures of the atoms and monoatmic ions of the 


elements in period 3 are give below. 
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Element Na Мр Al Si 1j S СІ Ат 
Electron structure 2,8, 2,8,2 2,8,2 2,8,4 2,8,5 2,86 2,8,7 2,8,8 
of the atom 

Valence electrons 1 2 3 4 5 6 7 8 
Ion formed Ма Mg* AB* - - Sc 
Electron structure 2:8. 2:8-.12;8 - - 2,8,8 2,8,8 

of the ion 

Electron structure spe sp* sp Бр рр 


of the outer core 
a 


Properties of Electrovalent Compounds 

1. They contain oppositely charged ions only and have no mole- 
cule in them. 

2. Their ions are held together by strong electrostatic forces of 
attraction. Hence, these compounds are solids. Thus, the crystalline 
solids are a network of ions held together by electrostatic attraction. 

3. They have high melting and boiling points. 


4. They conduct electricity in the molten state and are, therefore, 
electrolytes. This is due to the presence of ions in the melt, 


5. They аге mostly soluble in water, but do not dissolve in organic 
solvents such as benzene, ether and acetone. 


6. They ionize in solution. 


7. Aqueous solutions of ionic compounds conduct electricity be- 
Cause ions are present in such solutions 


Exercise 6.1 : Give the valence electron configuration (or electron 
configuration) of the following ions : 

(i) Mn* (ії) Cu* (iii) Cr+ (iv) Ca?* (v) K* (vi) CI- 

Solution : (i) Mn (3d5 452) has lost the 4s electrons, so Mn?* has 34. 
(ii) Cu (3419451) has lost the 4s electron to form Cu* with 3d" electron 
configuration. 


(iii) Cr (3d54s!) has lost three electrons to form Cr”, so the ion has 
3d? configuration. 


(iv) Са (4s?) has lost two 4s electrons to give Са?*, so the electron 
configuration of the outermost shell will be 3s?3p$. 


(v) | K(4s!) has lost one electron to give K*, so the electron configu- 
ration of the outermost shell will be 3s?, 3p$, 


(vi) CI(3s?3p5) has gained one electron to become CI-, so the 
‘electron configuration of the outermost shell will be 3s?3p$ 


Exercise 6.2 : Predict the formula of the compound formed between 
the pairs of the elements given below : 


@)  Mg,Br (ii) Al, F, (iii) K, O(iv) Na, S, and (v) Li, N 
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of their position in on balancing the charges 

periodic table у 
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Structure of Ionic Compounds 

Most ionic compounds are crystalline solids at room lempera- 
ture. Crystals contain samples of matter in which the component mole- 
cules, atoms or ions are arranged in repeating three dimensional pat- 
terns, e.g., sodium 
chloride lattice 
(Fig. 6.11). Each 
sodium ion (Na*) 
is surrounded by 
6 chloride ions 
(CI-) and each 
chloride ion is 
surrounded by six 
sodium ions. 
Thus, both Na* 
and Cl- ions have 
identical environ- 
ments but arc dif- 
ferent for the two 
ions. As a whole, 
each sodium chlo- 
ride crystal (big 
or small) is elec- 
trically neutral. 


Fig.6.11 Extended ioniccrystal structure ofNaCl 


6.2.3 The Covalent Bond 

The covalent bond is formed by the mutual sharing of equal 
number of valence electrons by the two reacting atoms. The shared or 
bonded electron pair is associated with both atoms. One or more pair 
of electrons are held in common by the combined atoms. By sharing 
electrons, the atoms achieve the chemical stability associated with a 
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vided by each of the two fluorine atoms; fluorine molecule is formed 


in which both the fluorine atoms attain the stable octet electronic con- 
figuration as shown in Fig. 6.12 


SHARED PAIR 
OF ELECTRON 


Fig. 6.12 Covalent combination of two fluorine atoms 


The combination of two fluorine atoms may be illustrated below 
by electron dot representation (Fig. 6.13). 


оо . oo 
oF + oF 3 ——> SF ЕГО OR (Ei Р 


.* оо oe 


БЫ SHARED 


PAIR OF 
CONFIGURATION \ ELECTRONS 


Fig. 6.13 Covalent bond formation in a fluorine molecule - a Lewis 
representation 


The shared pair of electrons constitute the covalent bond. The 
fluorine molecule with one shared electron pair (represented by а 
single line, —) will have a single bond. The remaining six pair of 
electrons that are not mutually shared are called non-bonding elec- 
trons. 

Hydrogen Molecule : Hydrogen atom contains one electron in its va- 
lence shell. In order to form H, molecule, both atoms share one elec- 
tron each so as to create one shared pair of electrons. In the process, 
both the atoms attain the stable electronic configuration of helium (a 
duplet of electrons), see Fig. 6.14. 

Hydrogen Chloride : When one atom of hydrogen unites with one 
atom of chlorine, hydrogen attains a duplet of electrons and chlorine 
attains an octet of electrons by sharing a electron pair, one electron 


being given by each participants (Fig. 6.15). Figure also includes the 
Lewis representation of НСІ. 
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Fig. 6.14 Covalent bonding in a hydrogen molecule 
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Fig. 6.15 Covalent bonding in a Fig. 6.16 Covalent bond- 
hydrogen chloride molecule ing in ammonia molecule 


Ammonia Molecule : Ammonia has three atoms of hydrogen and one 
atom of nitrogen. Nitrogen with five electrons in its valence shell and 
hydrogen with one electron in its only shell attain an octet and duplet 
electronic configurations respectively. Thus, three pairs of electrons 
are being shared between one nitrogen atom and three hydrogen atoms 
(Fig. 6.16). The Lewis structure and structural formula of NH, is also 
given in Fig. 6.16. 

Methane Molecule has four hydrogen atoms and one carbon atom. 
The electronic configuration of carbon is 2, 4. Carbon shares its four 
electrons with four hydrogen atoms to attain stable electronic configu- 
ration like neon. In turn,every hydrogen atom also achieves duplet of 
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6.17. The figure also includes the Lewis structure and structural for- 
mula of methane. The formation of a few other molecules through 
sharing of electrons is portrayed in Figs. 6.18 and 6.19. 
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Fig. 6.18 Covalent bond- 
ing in water molecule 
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Fig. 6.17 Covalent 
bonding in methane 


Multiple Covalent Bonds : In 
each of the examples discussed 
above, a single pair of electrons 
is shared between the consti- 
tutent atoms in the given mole- 
cule. However, in some mole- 
cules, two or three pairs of elec- оо 


trons may be shared between at- е e 
oms in order to attain a noble °° eo оо | 
gas electronic configuration. $ e 2 с 9 € $ on C — c — al 


When two or three pairs elec- 90 oe оо | 
trons are shared between two at- $ 68 с 
oms іп а molecule, the resulting оо 
bonds are called multiple cova- 
lent bonds. Two pairs of elec- 


Fig. 6.19 Covalent bonding in car- 
trons between two atoms consti- 


bon tetrachloride. 
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tute a double covalent bond which can be denoted by means of two 
dashes (=). 

Similarly, three pairs of electrons between two atoms constitute 
a triple covalent bond which we denote by means of three dashes (=). 

Double and triple bonds occur in the Lewis structures of oxygen 
and nitrogen molecules respectively. Each atom in a molecule of oxy- 
gen contributes two electrons to form two shared pairs of electrons as 
given in Fig. 6.20. 


OF ELECTRONS 
өз оо оо 
о: + оча "Р о $ OR о-о 
om оо оо m 
DOUBLE 
COVALENT 
BONO 


Fig. 6.20 Formation of oxygen molecule 
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Fig. 6.21 Formation of nitrogen molecule 


Similarly, each atom in a molecule of nitrogen shares three of 
its electrons with the other nitrogen atom to form a triple bond (Fig. 
6.21). 

The following covalent compounds also illustrate double bond 
and triple bond formation in the molecules. 

In carbon dioxide, each of the two oxygen atoms shares two 
electron pairs with a carbon atom. Thus, each of the two oxygen at- 
oms forms two covalent bonds and the carbon forms four covalent 
bonds (Fig. 6.22). Y 

Ethylene and acetylene illustrate doule and triple bonds respec- 
tively. In ethylene molecule, each hydrogen atom is linked with the 
carbon atom through a single covalent bond and both the carbon atoms 
are linked with each other through a double bond (Fig.6.23). 

In acetylene molecule, each hydrogen atom forms one covalent 
bond with a carbon atom and each carbon atom forms a triple bond 
with the other carbon atom (Fig. 6.24). 
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Fig. 6.22 Formation of carbon dioxide molecule 
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Fig. 6.23 Formation of ethylene molecule 
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Fig. 6.24 Formation of acetylene 


All the foregoing examples of covalent compounds reveal that 
the covalency of an element depends upon the number of electrons, its 
One atom contributes for forming a covalent bond. 

Covalent bonds are, thus, formed, 

1. . between identical atoms, 

2. between atoms belonging to the same periodic group such 

as chlorine and fluorine, 

3. between atoms belonging to adjacent periodic groups such 
as aluminium and carbon, and 
between any two non-metallic atoms such as carbon and 
oxygen ; hydrogen and chlorine; or boron and chlorine. 
Properties of Covalent Compounds 
1. Covalent compounds consist of molecules and do not contain 
ions. 
2. Simple covalent compounds are volatile liquids or gases because 


their molecules are electrically neutral and their intermolecular forces 
are much weak. 


4. 


f g and boiling points, however, covalent 
solids like diamond and graphite are exceptions. 
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4. They are non-electrolytes and do not conduct electric current 
when in molten state or dissolved in water. 
5. They are readily soluble in organic solvents such as CCl, 
CHCL,, CS,, acetone, etc. 
6.  Theyare rarely soluble in water. 
6.2.4 The Coordinate Bond 

A covalent bond results from the sharing of two electrons be- 
tween the combining atoms. Each atom contributes one electron to 
form the shared pair. It is also, however, possible to form a covalent 
bond where both the electrons are contributed by one atom. This is 
called a coordinate covalent bond or simply coordinate bond. It is 
illustrated by the following examples : 
Formation: of The Ammonium Ion : The formation of NH*, ion can 
be portrayed by Lewis structure (Fig. 6.25). The lone pair of electrons 


LONE PAIR 
OF ELECTRONS ч 


H H^. H 

ы x oe | 
HeNe zt н” ——» |H ÌN? H| OR |H—N-R 

ee 1 


н ЛА 
Fig. 6.25 Formation of coordinate bond 


on the nitrogen atom is shared with H* ion. The atom that supplies the 
electrons (here the nitrogen) is called the donor atom and the atom 
that accepts the electrons (here the H) is called the acceptor atom. The 
coordinate bond is shown as an arow ( ——>) from the donor to the 
acceptor. 

Other examples of coordinate bond are the formation of hy- 
dronium ion from water and a proton (Fig. 6.26) and the formation of 


+ + 


+ 


: | 
. 
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- | 
н н 
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Fig. 6.26 Formation of hydronium ion, H,O* 


déep blue [Cu(NH,),]** ion (obtained by adding ammonia to a solution 
of Cu (П) ions (Fig. 6.27). | 

Two or more stable molecules can also combine through a coor- 
dinate bond to yield a molecular complex. For example, nitrogen in 
ammonia can donate its lone pair of electrons present in the outer shell 
to electron deficient compounds such as BF, (Fig. 6.28) and AICL. 
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Fig. 6.27 Formation of [Cu(N H,),]** ion 


н F H F H t 

oe e. oe ee | | 
HIN, + BSF—PHENS BIF OR [sto ah SUBE 

ae oe oe oe | | 

н F HIE H F 


Fig. 6.28 Formation of the molecular complex, H,N—>BF, 
(or HIN ———> АІСІ,) 


o 5 Certain сот- 
^ 1 pounds like sulphu- 
ge 0а ai ани: oj ric acid, phospho- 
| | ric acid, etc. con- 
M он! tain both covalent 
and coordinate 

SULPHURIC ACIO PHOSPHORIC ACID Pons 


Exceptions to the Octet Rule 

Although the octet rule is a very useful generalization in de- 
Scribing bonding, there are many substances for which it does not 
apply. We shall give a few exceptions here : 
1. Hydrogen moiecule : Hydrogen atom has only one electron in 
the first shell (n = 1). It requires one more electron to fill this shell, 
and thus, to have the same electronic arrangement as the noble gas 
helium. Both hydrogen and helium are, therefore, exceptions to the 
octet rule because only two electrons are required to fill te first en- 


ergy level. Lewis dot structures for molecules containing hydrogen 
are given below : { 


H, H20 NH3 in на 
ee А н | 
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2. Atoms with less than eight electrons : When an atom with 
less than four electrons in its valence shell shares them to form cova- 
lent bonds, it may not complete its octet by electrons sharing. Beryl- 
lium chloride and boron trifluoride can well illustrate this exception. 
Beryllium chloride : 


р ee ee Be in BeCl, has only 
ec * ово ө )ag two valence electrons 
oe oe and can, therefore, 


form a maximum of 
two ordinary covalent 
bonds with two Cl at- 
oms. The Lewis struc- 
ture of BeCl, is given 
on the side. Around 
Be octet is incom- 
plete; it is surrounded 
by only four electrons. 
Boron trifluoride: When boron unites with three fluorine atoms, it 
forms BF,. The Lewis structure of the molecule is given above. Boron 
atom is surrounded by only six electrons. 
Lit ion has a filled shell of two electrons, so the octet rule does not 
work well for this ion also. 
3. Atoms with more than eight electrons. 

When an atom with more than four electrons in its valence shell 
shares them to form covalent bonds it may have more than eight elec- 


trons. For example, when phosphorus unites with five chlorine | atomis 
phosphorus pentachloride, PCI, is formed. The Lewis structure of the 
molecule is given above. Phosphorus atom 15 surrounded by ten 
electrons. In SF, the central atom (S) is sharing 12 electrons. Lewis 
theory makes no provision for such cases. 

4. We know that when the principal quantum number is 3 or 

larger, d orbitals are involved and the energy level can accornmodate 
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more than eight electrons, Wlien a transition element or post transition 
element such as Sn or Pb) forms a positive ion, the outershell electron 
configuration is normally not the same as that of noble gas, e.g., | 

Zn** —> (Ne) 3s? 3p$ 3d?° | 
It is evident from the electronic structure of Zn?* that its outershell 3s? 
3p* 3d'°, does not have the usual noble gas configuration ns? прв. 
Thus, the octet rule fails for many metal ions. 

63 SHAPES OF MOLECULES 

Just as a photograph or sketch may fail to describe-a person’s 
appearance, electron dot structures and structural formulae fail to re- 
flect the three dimensional shapes of molecules. 

Molecules have various types of shapes. Some are long and thin, 
some are round, some are flat, some are rings and others are spirals. 
Apart from these, molecules also adopt linear, trianguler, square pla- 
nar, pyramidal, octahedral and other such dispositions. By shapes of 
molecules, we are meant, the way their atoms are arranged in space. 
The shapes of molecules affect many of their physical and chemical 
properties. In biological systems, complex molecules must fit together 
correctly for the chemical reactions to occur. The double spiral shape 
of the DNA molecule is associated with its function of transmitting in- 
formation from one generation to the next. Some of the mysterious 
properties of water molecules are due to the angular shape of water. 
The properties of a substance basically depends upon its composition, 
i.e., kinds of atoms. But geometric patterns of the atoms in a molecule 
and the nature and the strength of the bonds between them also affect | 
their properties. The differences in the properties of the various allo- 
tropes of phosphorus - white, black and red - and sulphur - orthorhom- 
bic, monoclinic and plastic - are also related to the arrangement of the 
atoms and the bonds in them. 

The ionic bonds, as we have already understood, arise due to 
purely electrostatic attraction between oppositely charged particles and 
is, therefore, non-directional. An ion attracts to itself as many ions of 
diverse nature as can be accommodated around it. The structure of 
ionic crystal is, therefore, determined primarily by the relative sizes of 
the ions. The covalent bonds, on the other hand, are directional. An 
atom forms covalent bonds only in certain specific directions. The 
shape, i.e., geometric arrangement of the atoms in covalently bonded 
molecules and in crystals—depends on the directions of the covalent 
bonds. 

Earlier the qualitative picture of the general arrangement of the 
atoms 1,2 а large number of molecules was deduced by studying the 
substances With the same molecular formulae but different properties. 

The reason fo these different properties was attributed to the different 
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spatial arrangement of the atoms forming different molecules. 

To-day, with the help of different experimental methods it is 
possible to determine the distance between atoms in a molecule or in a 
crystalline solid, the angles between bonds (bond angles), and thus, 
the geometry of a molecule. We will confine ourselves, in this unit, 
with the results of the experimental determination of the shapes of 
simple molecules and with the principles that govern their shapes. A 
simple theory enables us to predict the directions in which covalent 
bonds are formed, and therefore, to define the geometry of a molecule 
completely. It is called the VSEPR theory. 

6.3.1 Valence Shell Electron Pair Repulsion (VSEPR) Theory 

This theory was suggested by Sidgwick and Powell (1940) and 
later developed by R.J. Gillespie. The theory proposes that the geo- 
metric arrangement of atoms or groups of atoms about central atom is 
dictated by the number of electron pairs (lone pairs and bonding pairs) 
in the valence shell of the central atom. The geometrical shapes as- 
sumed by simple molecules are given in Table 6.1 with their electron 
dot structures and number of electron pairs associated with the central 
atom. These geometrical dispositions have been confirmed by electron 
diffraction studies. 


TABLE 6.1 
Name Вес], ' ВС, CH, NH, 
Electron iG: а: H H 
dot :0--ве =- Ci: P несен Hey: 
structure с: H H 
Number of ` 2 3 4 4 
electron pairs 
Geometrical Linear Trigonal planar Tetrahedral “Triangular 
arrangement (Equilateral pyramid | Е 
triangular) or pyramidai 
Name HO PCI, SF, IF, 
Electron б: iF Е: 
dot TE H ide Pe а: iB+S SEO PRO D SER 
structure H а: а: d св: р. a E: 
wF: | tE; 
Number of 4 5 6 7 
electron pairs 
i i Octahedral Pentagonal 
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In this theory, a multiple bond is regarded as equivalent to a 
single bond as far as molecular shape is concerned. The basis of the 
above configurations is that these electron pairs because of their nega- 
tive charges keep themselves as far apart from each other as possible 
in shell so that the least repulsion occurs between them (has its origin 
in the Pauli’s exclusion principle). Regular molecular shapes are ob- 
tained only when all the electron pairs are used as bonding to similar 
atoms. If some of the atoms are different, deviations from these regu- 
lar shapes occur. 

When the central atom carries one or more lone pairs of elec- 
trons (non-bonding pairs) the geometry of the molecule will depend 
upon the strength of the. repulsion between electron pairs. 

lone pair - lone pair > lone pair-bonding pair > bonding pair - 

bonding pair. 

Repulsions between the bonding pairs in a species AB, (when A 
is the central atom and n is the number of B atoms that attach to A by 
electron pair bonds) depend upon the difference in electronegativity 
between A and B, and decrease as the electronegativity of B increases. 

These generalisations are very useful in explaining the shapes of 
simple molecules. Some simple molecules have been discussed below: 
From the Lewis structures for molecules, we can determine the num- 
ber of electron pairs surrounding the central atom and the molecular 
shape resulting from the maximum separation of these electron pairs. 
Linear Arrangement 
Beryllium chloride : Beryllium chloride is a linear molecule (Table 
6.1). The two electron pairs around the Be atom are mutually repul- 
sive and orient themselves as far apart as possible to minimize repul- 
sion and finally place themselves on opposite sides of beryllium atom 
at 180° bond angle. CI Ве ет 

807 


The carbon dioxide molecule is linear since repulsion between 
the two electron pairs (bonding pairs) causes the oxygen atoms to be 
as far apart as possible. (О = C = О). 

Linear nature can also be experienced through sp hybridization 
(to be discussed later) around beryllium and carbon atoms respec- 
tively. 

Similarly, the other molecules such as carbon disulphide, beryl- 
lium halides, ВеХ; etc. are linear. 

Trigonal Planar Arrangement 
Boron Trihalides : Boron trichloride has a symmetrical triangular 
planar arrangement with a bond angle of 120°. The three bonding pairs 
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the a ay aes ay teen tan Tree m BIS а. 
ration. Boron atom assumes sp? hybridization (to be discussed later) 
and thus, confirms the shape of BC1, molecule. Other trihalides of 
boron also have a similar shape. 


Sulphur Dioxide : Sulphur in 

с! sulphur dioxide molecule is at- 

Ж tached to two oxygen atoms 

175 pm through double bonding pairs. 
4} There is one lone pair of electrons 


а B 120° on the sulphur. Thus, the SO, is 
like an equilateral triangle with a 
TRIANGULAR bond angle of 119° 5 which is in 


PLANAR close agreement with an angle of 
120% It assumes angular shape be- 
cause of presence of a lone pair 
of electrons. Later it has been con- 
firmed by sp? hydridization around 
sulphur. 
Tetrahedral Arrangement 
Methane : In methane, the carbon 
atom is attached to four hydrogen 
atoms through four bonding pairs 
(ANGULAR) of electrons. These bonding pairs 
of electrons repel each other giving 
a regular tetrahedral shape with a bond angle of 109° 28. Ammonium 
ion, МН“, has this shape. 
Ammonia : In ammonia, the nitrogen atom has four pairs of electrons 
around it. Only three of these electron pairs have hydrogen atoms 
attached to them. The fourth pair of electrons is a lone pair. It assumes 
the shape of triangular pyramid with 106° 45, аз bond angle which is 
very close to tetrahedron angle. This distortion and decrease in bond 
angle is caused by the greater repulsive effect of a lone pair of elec- 
tons upon the remaining three bonding pairs of electrons. The trian- 
gular pyramid is not a regular tetrahedron, because its faces are not 
equilateral triangles.: Only the face occupied by three hydrogen atoms 
is an equifateral triangle. 

These characteristics of the shape of NH, molecule will be ex- 
plained later on the basis of orbital overlap and hybridization concept. 
РСІ,, NF, and H,O* also adopts the triangular pyramid shape. Here 
also, two corners of the tetrahedron are occupied by two atoms and the 
remaining two corners by non-bonding electrons. Bond angles are dif- 
ferent in each case because of the electronegativity differences in the 


atoms involeved. 
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———— ете yexugeu atoms attached to 
menr rne water molecule has two lone pairs of electrons. A tetra- 
hedron is the most probable arrangement for four groups of electrons 
about the central atom. The lone pairs of electrons have a very strong 
repulsive and compressive effect upon two bonding pairs of electrons 
and the bond angle further decreases to 104^ 27 which is very close to 
tetrahedron angle. Water molecule has an angular shape (V shape). 

The shape will be explained later on the basis of orbital overlap 
and hybridization concept. Other molecules / species with a similar 
Shape are HS, Е,0, NHÉ and SC1,. Bond angles in each is different 
because of the difference in electronegativity of the atoms attached to 


the central atom. М 
н LONE PAIR 
H H H H 
H 
AMMONIA 
LONE PAIR 
F 
WATER HYDROGEN FLUORIDE 


Hydrogen fluoride : If only one atom is attached to the central atom 
as in HF, HC1, HBr or HI, the molecular shape is, of course, linear 
irrespective of the number of electron pairs involved. 
Trigonal Bipyramidal Arrangement 

When the central atom in a molecule is surrounded by five pairs 
of electrons, maximum ‘Separation is achieved by trigonal bipyramid 
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vertices. Although the faces аге all equivalent Wiaiigies;Wicy Gis. 


always equilateral triangles as in the tetrahedron and octahedron. In a 
molecule, with such a shape, say phosphorus pentachloride PCI,, three 
bonds lie in a plane with 120° bond angles and are designated equato- 
rial. The other two bonds are directed oppositely along the axis per- 
pendicular to this plane, and thus, are at angles of 90° (called axial 
angles) to the equatorial set. 

Other molecules/species with five pairs of electrons but with 
different shapes because of the presence of non-bonding pairs are 
given below : SF, (see saw shape) BrF,’, (see saw), CIF, (T —shape) 
and BrF, (T-shape), etc. 


F 
174 
165 pm 
155 pm 
F 
101* 
E 
PF, 
X 


AX, 


Octahedral Arrangement 

Six electron pairs surrounding an atom orient themselves at 
angles of 90° in an arrangement called octahedron, or octahedral. This 
Shape has six equivalent vertices, 12 equivalent edges and 8 equilat- 
eral triangular faces. Since the positions are all equivalent, a non- 
bonding pair of electrons can occupy any of the six positions. If two 
non-bonding pairs are available, they arrange themselves at an angle 
of 180°. A molecule of SF, has this shape. Other molecules/species 
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egerunt, ААЛ „, DIT, OM 
— e PE two non-bonding pairs ; square planar). 


E - LONE PAIR 
OF ELECTRON 


BrFs IFs 


Pentagonal Bipyramidal Arrangement 
Iodine heptatluoride with seven pairs of electrons has this shape. 
ВГЕ ion has distorted octahedral shape (one non-bonding pair) 
F 


Е : The molecular shapes deduced by 
the VSEPR theory have been $ирро- 
Е tted by electron diffraction studics. 
F The molecular Shapes we have dis- 
cussed to this point are summarized 
5 in Table 6.2. 
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TABLE 6-2 Shapes ot predicted from electron-pai ы 
| directed valence am pair repulsion theory of 


Toss! aamder 
Ы of electron Coordins- electron 
pairs on ioa number рају on 
coneral Molecular of cansral (mal 
atom shape “== o Formula Мән sable IL Lo 
2 I 
-inear г 28Р АХ, Linear 9—0—9 NgQ,, Cet, [Ag(CN),) 


3 Triangular + ч э; e ir BF, Bi, Gal, 
2 — 2BRILP AXE V-shaped LA SoC Pec, 
» 


4 4BP AX,  Tetrahedral ? quse, 


| 4 Tetrahedral 3 3 BP,1LP AXE Trigonal {2 О“ун, 


2 2BP2LP AXE, V-shaped Q HONS 


f 1 1BP,3LP AXE, Linear HF, HQ 
| 3 4 
i 5 5ВР AX, Trigonal ч 7 PC, SO, 
bipyramidal 
5 Trigonal 4 4ВР, ILP AXE Irregular SF, Te), 
| bipyramidal | tetrahedron 


2 2BP,3LP AX,E, Linear Bo... 


6 Octahedral 6 6ВР, АХ,  Ocuhednl Eq ња» 


t 6.1.4 
5 SBPILP AXE Sque “СУ per ar, 
| pyramidal © 


4 4BP,2LP AXE, baie 5 4 [CL] MBE} 
— MÁS 


E = Lone pair of electrons 
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Figure 6.29 shows the electron charge cloud models of CH,, 
NH,, H,O and HF. From what we have discussed so far it is clear that 
it is the number of regions of negative charge (not the number of 
bonds) surrounding the central atom which dictates the shape of a 
molecule. Thus, both carbon dioxide, CO, (O = C = O) hydrocyanic 
acid HCN (H-C=N) with two negative centres around their central at- 
oms (C) are linear with respect to negative centres and atoms as well. 
According to one of the assumptions of VSEPR theory each double 
bond in CO, is equivalent to a single negative centre. Similarly the 
triple bond in HCN is taken.as one single negative centre. Sulphur 


p Tt 


FIg.6.29 Electron charge cloud models of molecules 


dioxide, SO, has three negative charge centres around the S atom and 
is V- shaped with respect to atoms. 
6.4 QUANTUM THEORY OF THE COVALENT BOND 

We have so far described the simple picture of a covalent bond 
as a pair of electrons shared between two atoms. Further VSEPR the- 
ory proved to be a useful device for predicting the molecular shapes of 
different types of molecules, but it still does not answer the basic 
questions. How do atoms share their valence electrons? How are these 
electrons able to avoid each other? To find the plausible answers, we 
turn now to a deeper view of the covalent bond on the basis of quan- 
tum theory. This theory, particularly the quantum mechanical ideas 
such as orbital concept and Pauli’s exclusion principle, has already 
established its superiority to know the behaviour of electron. Just as it 
has been found convenient to studv the electronic structure of atoms in 
terms of the hydrogen atom, the simplest atom—it will be appropriate 


to start with the hydrogen molecule (H,) - the simplest molecular 
system. 


6.4.1 The Hydrogen Molecule 
It has been found that 433 kJ of energy is Tequired when one 


mole of hydrogen molecule on heating dissociates into hydrogen at- 
oms. 


Hj(g) + 433 kJ = H(g) + Н (р) 
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or 
H,(g) —+H(g) + H(g) + energy 4 Н, = 433 kJ mol3 

Conversely, the recombination Process of hydrogen atoms re- 
leases 433 kJ of energy. Then it can be concluded that the recombina- 
tion of hydrogen atoms is a favourable reaction as it leads to a stable 
molecule. This phenomenoniis notsimply confined toa hydrogen mole- 
cule, it is as well applicable in the case of other molecules. Thus, a 
molecule has always lower energy as compared to isolated atoms. 

What makes a hydrogen molecule more stable than two isolated 
hydrogen atoms? 

In 1927, Walter Heitler and Fritz London applied the concept of 
«quantum mechanics to the electron pair representing a covalent bond. 


the hydrogen molecule. 
Consider two individual hydrogen atoms as represented by two 
atomic orbitals (1s) with one electron. in each at an infinite distance 


(Fig. 6.30). 


(a) fa 


9) 


Fig. 6.30 Formation of hydrogen molecule : (a) a simple representation . 
of the two isolated hydrogen atoms (shown as orbitals), (b) two hydrogen А 
atoms at an infinite distance, and hence, по interaction, (с) when the two ; 
atoms come closer —interaction starts, and (d) two hydrogen atoms as in 

H, molecule 


275 


At large internuclear distance (Fig. 6.30(b)) the total energy is 
simply E, + Е, the energy of the separated atoms as there is no inter- 
action between the two atoms at such distances. Because no chemical 
bond formation is possible, there is no drop in energy. Hence, no 
stability results. The situation, however, takes a new turn as the two 
hydrogen atoms approach one another (Fig. 6.30(c)), each attracts the 
other’s electron. This attraction of the two electrons by the two nuclei 
helps in bringing the atoms closer (Fig. 6.30(d) ). 

When two atoms approach one another closely, both attraction 
and repulsion take place. 

In the formation of hydrogen molecule, the following interac- 
tions (coulombic attractions and repulsions) are possible (Fig. 6.31). 
The diagram shows the two atoms at an instant, when one electron 
from each of them is in the region of overlap. 


(b) 
Fig. 6.31 Schematic diagram of the H, molecule representing the cou- 


lombic forces —» —> <—<—of attraction and repulsion (dashed 
lines) 


(i) ^ attraction between nucleus A and electron A 
(ii) attraction between nucleus A and electron В 
(iii) attractioon between nucleus B and electron В 
(iv) attraction.between nucleus B and electron A 
(v) repulsion between electron A and electron B 
(vi) repulsion between nucleus A and nucleus В 
Of course, the electrons A and B are moving all the time, so will 
not always be in the overlap region as shown in Fig. 6.31 (a). This does not 
matter. The same type of forces will always be presentas shown in Fig. 6.31 
(b). Sometimes the repulsive forces between two atoms are stronger than the 
attraction. forces, so the atoms get separated. Sometimes the attractive 
forces are stronger than the repulsive forces and the atoms continue to be 
together. At this stage, it is said that a chemical bond has been formed. 
The interaction (vi) deals only with the two nuclei while the 
interactions (i) to (v) deal with the electrons and nuclei. Hence, 
broadly the formation of H, can be considered into two parts : 
М (а) the change in energy due to the forces, (i) to (у) as the 
internuclear distance decreases, 
: (b) the change in energy due to the internuclear repulsion (vi) as 
е internuclear distance decreases. 
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The change in energy due to (i) to (v) should be such that сот. 
pensates for the increase in energy due to internuclear repulsion in the 
case of (vi). The net drop in energy will result in bond formation. 

The energy changes which take place when two neutral hydro- 
gen atoms are brought together from a large distance to form a hydro- 
gen molecule are portrayed in Fig. 6.32. 


REPULSION (+) 


O=H ATOM 


ENERGY —> 


3n INTERNUCLEAR DISTANCE 

L EAF 1 

8 CHEMICAL BOND 

Е IS FORMED 

2 оо 

: BOND ENERGY 
-433 k J mol! = AE 


DISTANCE (r) —> 


Fig. 6.32 Energy variation with internuclear distance in the formation of 
hyrogen molecule 


At large internuclear distances, the two hydrogen atoms neither 
attract nor repel, hence, the energy of interaction of two H atoms is 
zero. When they approach one another (spins of the two electrons as- 
sociated with atoms are opposed), they begin to attract. As this attrac- 
tion becomes stronger and stronger, the potential energy (kinetic en- 
ergy is ignored as motion of the two atoms is taken into consideration) 
gets lower and lower. This continues upto a certain distance, ғ, (equi- 
librium distance) at which the potential energy no longer decreases. 
As r continues to decrease, the potential energy begins to rise due 
to the action of repulsive force repulsion between the two pustttvely 
charged nuclei which is of considerable magnitude at small internu 
clear distance (line 1). 

If the approaching atoms have electrons with parallel spins, the 
potential energy increases continuously as the atoms are brought to- 
gether (line 2), In this case, the repulsive force (repulsion of the elec- 
trons) predominates at all values of r and the potential energy curve 
continuously rises. 
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The equilibrium distance, ғ, which corresponds to the minimum 
potential energy (i.e., the maximum stability) is called the bond 
length. For Н, molecule, r, is found to be 74 pm. Clearly this is the 
minimum distance at which two atoms experience a maximum mutual 
attraction and are bound together. 

The energy corresponding to this minimum is called bond en- 
ergy. Thus, energy equivalent to bond energy, should be sufficient to 
break the bond as well. Under the circumstances, in a molecule cotain- 
ing one bond only, the dissociation energy is equal to the bond en- 
ergy. From the curve, bond energy comes out to be the difference 
between the minimum energy and the energy of the isolated atoms. 

Thus, when two hydrogen atoms having electrons with antiparal- 
lel spins approach one another, a chemical bond is formed. Now, there 
are two possible equivalent structures (I and II) which are indistin- 
guishable, once the bond has been formed. This is because of the 
possibility of interchange of electrons between the two atoms. 


*H, 2н, EORR 'H, 
(0 qn 


The bond formation is due to the fact that if the electrons have 
antiparallel spins their movement about both nuclei becomes possible. 
This sort of movement brings about a considerable increase in the 
density of the electron cloud in the space between the two nuclei. 
Attraction occurs between the nuclei and a region with a high density 
of negative charge results. The attraction reduces the potential energy 


of the electrons and consequently the potential energy of the system, 
and a chemical bond results. 


Chemical Bond in Hydrogen Molecule 

From the inception of a molecule, it has been thought that atoms 
in a molecule are joined by bonds, shown by a dash (—) between the 
atoms. Thus, Н, molecule is written as Н — Н. The nature and origin 
of such chemical bonds has now been established. A bond is formed 
as a result of attraction and repulsion of the electrons and the nuclei. 
Hydrogen molecule could be in existence because of the attractive 
forces between each nucleus and two electrons and those between 
each electron and two nuclei. The two electrons are a kind of mortar 
that binds the two nuclei together. One may say that the pair of 
electrons shared by the two nuclei is the chemical bond. This shows 
the bearing effect of electron pairs in the Lewis structure. Thus, a 
‘dash’ between two atoms which designates a chemical bond as per 
older formulation corresponds to a shared period of electrons in the 
modern approach. This shared pair of elec*rons is called a covalent 
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bond. When the two atoms involved are the same, e.g., Hy O,, N, etc. 
the electron pairs are shared equally and the bond is a non-polar co- 
valent bond. However, when two different atoms form a covalent 
bond, the electron pairs are shared unequally and the-bond is called a 
polar covalent bond (or a polar bond). 


Orbital (s-s) in Bond Formation 
The formation of the chemical bond has been well explained in 
the terms of the lowering of the potential energy of the electrons 
resulting from the increased density of the electron cloud (electron 
orbital) in the internuclear region. 
Fig.6.33 shows the distribution of electron density in the interac- 
tion of 1s orbitals on hydrogen atoms to form the hydrogen molecule. 


1S 


1s 
н] њ[н] 


— H-H 


PLANE 


Fig. 6.33 The interaction of 15 orbitals on hydrogen atoms to form 
hydrogen molecule:(a) Antiparallel spins - atoms combine to form a 
molecule, and (b) parallel spins - atoms are repelled 


As a result of combining of two atomic orbitals containing elec- 
trons with antiparallel spins, the density of the electron cloud between 
the nuclei increases. In this case the electron clouds (orbitals) are said 
to be overlapping. Thus, electron clouds stretch out towards one an- 
other and a chemical bond is formed. On the contrary, in case of 
electrons with parallel spins, the density of the electron cloud between 
the atoms falls to zero, because the electrons are forced out of the 
region between the nuclei and a chemical bond is not formed. Thus, 
we conclude that the orbital overlap is necessary for a chemical bond 
to be formed and the two electrons forming the bond must have oppo- 
Site spins (Pauli's exclusion principle). 
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Now at this stage the question arises as to whether or not H,, H,, 
etc. molecules are possible ? In the orbital overlap of H, molecule 
both the available electrons (one from each atom) are used. Thus, no 
additional electrons are available with Н, molecule to combine with 
more hydrogen atoms. Therefore, only H,exists but not Hj H, etc. 

Like H, molecule, helium does not exist as He,. This is because 
when the two helium atoms approach one another, no drop in potential 
energy is possible and consequently no bond formation takes place. In 
the helium atom, 1s orbital is full to its maximum capacity. The 
Pauli’s exclusion principle, therefore, does not permit a saturated 1s 
orbital of helium atom to overlap with that of the other atom. Helium 
is thus found in the monoatomic state, He. 

6.4.2 Sigma (e ) and Pi (з) Bonds and Some Simple Molecules 

In this section, our discussion will pertain to molecules formed 
bv atoms of the second row elements of the periodic table. 

To make the involvement of orbitals in chemical bonding, we 
shall show orbitals by square boxes of the type t Orbitals are 
usually arranged in order of increasing energy as follows : 


Orbitals 15 


25 2р 
Pictorial picture qu П ШЕ 
of orbitals : 


A group of three 2p boxes represents the three 2p orbitals with 
equal energy (degenerate). An empty box represents a vacant orbital, 
i.e., no electron is present. A box with a single arrow ' [*] 'represents 
the presence of one electron (a singly occupied orbital) whereas a box 
with two arrows ( ) represents the presence of two electrons with 
antiparallel spin (a doubly occupied orbital). A pictorial representation 
of a single hydrogen and helium atoms, i.e., their electronic structures 
are given below: 


15 2s № 
н [3 GEE 
is 2s 2 
не Ж б К ИҢ 
The overlapping of orbitals to produce a chemical bond is 


shown below by enclosing the appropriate orbitals within a rectangle. 
The pictorial diagram for a hydrogen molecule is, 
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The process of formation of H} molecule as understood through 
the s-s overlapping is given in Fig. 6.34. 


S-S OVER LAPPING 


1s 


Ш 


----4 


END TO END OVER LAP 


Y Y v 
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2 E Z o- BOND 
all (b) 


(c) 
His!) + H0S) —— > Hp(1S4) 


Fig. 6.34 Formation of hydrogen molecule through s-s-overlapping : (a) 
separate s orbitals, (b) end to end overlapping of s orbitals, and (c) sigma 
bond orbitals (s-s type) 

The bond formed by this type of orbital overlap is called 
a © bond. Thus,c& bond is obtained by overlapping of the orbitals 
along the internuclear axis (end to end overlap), In such bonding, 
rotation of one atom relative to the other about a line joining the two 
atoms does not alter the extent of overlap of the two orbitals. Thus, 
free rotation is possible about a ¢ bond. 

Three types of overlapping, viz., s-s overlapping, p-p overlap- 
ping and s-p overlapping are possible which lead to * bond formatin. 
These overlappings are illustrated in the formation of H, (Fig. 6.34) F, 
(Fig. 6.35), and HF (Fig. 6.36) molecules. 

Fluorine Molecule : A fluorine atom, with the electronic configura- 
tion, 152, 2s?, 2p? is shown below ‘through its V d representation. 


ш т [HINT] 


One of the 2p orbitals is only half-filled. : fluorine atom can 
combine with another fluorine through the overlapping of the two 
half-filled 2p orbitals. In the process, two fluorine atoms gain stability 
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and share a pair of electrons. Thus, a pair of electrons forms a single 
bond. 

The formation of a stable bond (Fig. 6.35) due to the overlap of 
electron clouds (p-p) has been pictured schematically in terms of the 
pairing of electron-spins from each atomic orbital involved in bond 
formation as illustrated below for F, molecule. 


inin 

1s 2s 2: H 

е0) [N] [шн] 
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Fig. 6.35 Fluorine molecule : (a) Separate p orbitals, (b) end to end 
overlapping of p and p orbitals, and ( c) sigma bond orbitals (p-p) 


Again a ф bond is formed. The process shows that each fluorine 
atom has one unpaired electron in one of the 2p orbitals. So when two 
fluorine atoms approach each other, the two half-filled 2p orbitals 
overlap and share a pair of electrons. The remaining lobes will not be 
used for further overlapping since the 2p orbitals of both the fluorine 
atoms have now become part of bonding orbital uniting both the fluo- 
rine atoms. 


that the electron pair in H, results from the overlap of 1s orbitals 
whereas in F, from the overlap of 2p orbitals. In the process of over- 
lap and thus sharing of electrons, each hydrogen atom acquires two 
electrons which is the maximum capacity of the 1s orbital and simi- 
larly each fluorine atom acquires eight electrons in its valence shell 


ond energy level (n = 2). It is also worthnoting that besides one pair of 
bonding electrons, each fluorine atom has three pairs of valence elec- 
trons (lone pairs) not associated with any other atom. 


D y 
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Hydrogen Fluoride, HF Molecule 

When a molecule of hydrogen fluoride is formed, the s orbital of 
hydrogen overlaps with the half-filled fluorine p orbital. This involves 
5 - р overlapping. The various Stages for the formation of a single 
covalent bond in HF are shown in Fig. 6.36. 

Figure 6.36 shows that all the three 2p orbitals are at right- 
angles to one another. It also illustrates the way the bonding orbital of 
the fluorine atom overlaps with the s orbital of hydrogen. Water and 
ammonia also involve the s-p overlapping. 

Again a 6 bond is formed - only one lobe of the 2p orbital 
(singly occupied) overlaps the hydrogen 1s orbital. The remaining two 
lobes may not be used for further overlapping since the 2p orbital has 
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Fig. 6.36 HF molecule: (a) Separate s and p orbitals, (b) я " ке 
‚ Паррїпг of s and p orbitals, and (c) sigma bond orbitals, (s-p 
types. 
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now become a part of the bonding orbital embracing both hydrogen 
and fluorine atoms. 

Unlike the hydrogen bonding orbital the bonding orbital of HF 
is assymmetrical. Because of the large difference between the elec- 
tronegativities of Н and Е the shared bonding electrons shift towards 
the fluorine atom. This brings about a slight separation of charge leav- 
ing the hydrogen end of the molecule with a small positive charge (5*) 
and the fluorine end with a small negative charge ( 6 —). Thus, HF is a 
polar molecule. ; 
Electronegativity : It is a measure of the attraction that an atom has 
for a shared pair of electrons in a molecule. The larger the value, the 
greater is the ability of an atom to attract electrons to itself. Table 6.3 
includes the electronegativities of some common elements. Electrone- 
gativity values have only relative significance. 


TABLE 6.3 Electronegativity values for atoms of common elements 


H - He 
21 0.0 
Li Be B E N [9] Е Ме 
1.0 1.5 2.0 25 3.0 3.5 40 0.0 
Na Mg Al Si Р S cl Ar 
0.9 1.2 1.5 1.8 2.1 2.5 3.0 0.0 
K Ca Br Kr 
0.8 10 2.8 0.0 
Rb 2 zi - - - I 

0.8 E Г - - - 24 

Cs Е 

0.0 


Water Molecule, H,O 


The oxygen atom has the electronic configuration 1s?, 2s? 2p*. 
The four 2p orbital electrons arc distributed among the three p orbitals 


as dictated by Hund's rule 2р?, 2р! у, 2р! . The two orbitals with one - 


unpaired electron each overlap with the two Is orbitals of hydrogen. 


The formation of a stable bond due to the overlap of electron clouds ^ 


can be pictured schematically in terms of pairing of electron spins 
from each atomic orbital involved in bond formation is given in 
Fig.6.37. 

Bond Angle, H — O — H : We know that the three 2p orbitals of 
oxygen have maximum electron density alon_ the three mutually per- 
pendicular axes directing towards the space. Two bonds are formed 
between oxygen and two hydrogen atoms when two spherically sym- 
metrical 1s orbitals (electron cloud) overlap the two p orbitals of oXy- 
gen (Fig. 6.37). A stable bond can only be expected from the maxi- 
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Fig. 6.37 Water molecule : (a) Separate s and p orbitals, (b) end to 
end overlapping of two s orbitals and p orbitals forming sigma bond 
(s-p) type, and (c) V-shape of water with bond angle, H-O-H 104^ 27* 


mum overlap and this will be possible only if the two p orbitals in- 
volved in overlap are perpendicular to each other. If oxygen uses two 
p orbitals (p, and py) which are at right angle to each other, a 90° 


„angle between the two bonds in H,O molecule is expected. However, 


this angle has been found experimentally to be 104° 27'. This discrep- 
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ancy can be explained on the basis of a strong affinity of oxygen for 
these bonding electrons. Thus, the atoms in a molecule of water are 
held together by bonds that are somewhat polar because oxygen be- 
comes more electronegative due to its strong affinity for bonding elec- 
trons. This leads to a greater relative concentration of negative charge 
around oxygen atom. As a result, the oxygen atom acquires partial 
negative charge, 6” and each hydrogen atom a partial positive charge, 
8". These positively charged hydrogen atoms repel each other and 
thereby the bond angle is enlarged. Water molecule and its shape has 
already been discussed on the basis of VSEPR theory. Both the ap- 
proaches for the shape of the water molecule predict angular mole- 
cule. The present and the alternate idea involve two sigma bonds, eacli 
of which arises from the overlap of one s atomic orbital of hydrogen 
with a 2p atomic orbital of oxygen. 

The following points have emerged from the examples discussed 
so far : 

l. The covalent bonds between atoms arise when the unpaired 
electrons in the original atoms get paired. The number of covalent 
bonds depend upon the number of unpaired electrons present in the 
central atom. 

2. Тһе geometrical Shape of the molecule is determined by the 
orientation of the overlapping atomic orbitals of the bonded atoms. 
Hydrides of Group 16 

Hydrogen sulphide (HS), hydrogen selenide (Н.е) and hydro- ` 
gen telluride (H;Te) assume the geometrical Shape of water. On de- 
scending the group, the bonding orbitals become larger and more dif- 
fuse and overlap less favourably with the hydrogen 1s orbitals. This 
means that the hydrogen atoms in HS, H,Se and H,Te are more sepa- 
rated. Repulsion, therefore, is less, and the bond angles in these mole- 
cules become close to 90°, 

Further on descending the group, the electronegativity decreases 
in the order O > S > Se > Te, so does the polarity of the molecules. 

This suggests that the charge separation in MH (М = О, S, Se or 
Te) decreases from OH to Тен, As a result, the positively charged 
hydrogen atoms experience repulsion in a decreasing fashion, Hence, 
the bond angle for these molecules decreases in the order 

Hj > Н, > H,Se > H,Te 
Oxygen Molecule, 0, 

The double and triple bonds encountered in many chemical 
compounds are combinations of Sigma and pi bonds. Generally, pi 
bonds are more reactive than sigma bonds. Covalent bonding between 
dumb-bell shaped p orbitals can occur in two ways. If the p orbitals 
overlap end to end a sigma bond results. However, p orbitals can also 
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overlap side to side resulting in a different electron distribution, a pi 
bond. This has been illustrated in Fig. 6.38 in the formation of O, 
molecule. 

When two oxygen atoms combine, the sharing of two pairs of 
electrons between the two atoms takes place. This structure would 
give each oxygen atom a completed octet of electrons in its outershell 
and would show that all electrons are paired. The electronic configura- 
tion of the oxygen atom and the pairing of electron spins from each 
atomic orbital involved in the bonding is shown below. 


rocre 
1s 2s :2p; 1 


Two oxygen atoms share two electron pairs, i.e., they are joined 
by double bond (=). Both the electron pairs are expected io be spin 
paired. The scheme of the formation of oxygen molecule shows that 
each oxygen atom has two p orbitals which are singly filled. When 


END TO END OVERLAP 
(c - BCND) 


— *-ORBITALS SIDE TO SIDE OVERLAP 
( х - BOND) 


Fig. 6.38 Oxygen molecule : (a) two separate p orbitals, (b) overlap- 
ping of two p orbitals, bond is formed by the end to end overlap. of 
D, - P, orbitals; bond is formed by side-to-side overlap of p,- p, orbitals, 
and (c) sigma and pi bonds orbitals. 

two oxygen atoms approach each other two electrons from each atom 
pass into a bonding region between the two nuclei. Because of the 
Pauli's exclusion principle, two orbitals are required for these four 
electrons. One bonding orbital is formed along with X-axis when two 
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half-filled 2p, orbitals overlap. This results in the formation of a single 
covalent 6 bond. Now that the two oxygen atoms have been drawn 
close, another bonding orbital is formed as a result of side to side 
overlap of the two half-filled 2p, orbitals. This bonding orbital is split 
into two regions. The upper and lower overlaps, taken together, consti- 
tute a new type of single covalent bond, the z bond. 

On rotation of the oxygen atoms, the P, orbitals are quickly 
twisted out of overlap, and therefore, such rotation is prohibited fora 
sideways overlap. Another important property of the x bond arises 
from the fact that the electrons (charge cloud) are placed above and 
below the plane of the bonding atoms. Hence, these electrons are more 
susceptible to attack especially by the electron seeking (oxidizing) rea- 
gents. Under the circumstances bond is stronger than л bond. 

Experiments have shown that O, is paramagnetic in nature, i.e., 
it is attracted by a magnetic field particularly when in solid or liquid 
state. Nitrogen has been found to be diamagnetic. The paramagnetism 
of О, indicates that the diatomic molecule contains two unpaired elec- 
trons (i.e., two electrons have the same spins). Our simple picture of 
oxygen molecule has, thus, failed to predict its paramagnetic behavi- 
our. This can be well explained on the basis of molecular orbital 
theory which will be taken up later in class XII. 

Nitrogen Molecule, N, 

A nitrogen molecule is formed by the union of two atoms. 
Bonding could be envisaged when two 2p, orbitals approach linearly 
and overlap forming 6 bond. The other two pairs of orbitals, i.e. 2p, 
and 2p, orbitals overlap laterally forming two x bonds (Fig. 6.39) and 
the two lone pair of electrons would occupy the two 2s orbitals present 
in the nitrogen atoms. Again the formation of a stable bonds due to the 
overlap of electron clouds can be illustrated schematically in terms of 
the pairing of electron spins from each atomic orbital involved in the 
bond formation, as shown below for N,. ` 


f] m i 


SERE PS TIRE 
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Fig. 6.39 Nitrogen molecule; one pair of orbitals overlap end to end 
to give © bond; the other two pair of orbitals overlap sideways to 


give x bonds. 


Three electron pairs are shared resulting in a triple bond in the 
molecule. This structure would give each nitrogen atom a completed 
octet of electrons in its outershell and would show that all the elec- 


trons are spin paired. 
Ammonia Molecule, NH, 


The electronic configuration of nitrogen includes one eiectron in 
each of the three 2p orbitals. Bonding could, thus, be understood by 


owed 


allowing © bonds to be 
formed from the overlap- 
ping of a hydrogen 1s or- 
bital with each of the 
nitrogen singly occupied 
2p orbitals and the lone 
pair of electrons would 
occupy the 2s orbital 
(Fig. 6.40). The forma- 
tion of a stable bond due 
to the formation of elec- 
tron clouds can be por- 
trayed schematically in 
terms of pairing of elec- 
tron spins from each 


atomic orbital involved in the bonding as shown above for NH,. 
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х 
Н(1 5) 


М (2р1, 2р!, 2p.) @ 
106°45' м: 


Fig. 6.40 Bond formaiion in NH, using pure s and p orbitals 


The fact that the three 2p orbitals point in three different direc- 
tions at right angles to one another accounts clearly for the bent py- 
ramidal geometry of NH, with three hydrogen atoms forming a base 
and the nitrogen atom at the apex. In this model, all H-N-H bond 
angles should be 90°. The experimentally measured bond angles are 
actually somewhat larger than 90°, (i.e., 106° 45") but we can explain 
this enlargement of bond angle by allowing that there must be repul- 
Sive forces between the hydrogen atoms, which will Carry partial posi- 
tive charge as a consequence of being bound to the very electronega- 
tive N atom. 

6.5 THE CONCEPT OF HYBRID ORBITALS AND GEOME- 

TRY OF MOLECULES 

The valence bond theory of the covalent bond considers the 
bond to be the result of the overlap of two atomic orbitals, each con- 
‘taining an unpaired electron. This theory cannot be used to account for 
all molecular structures, It explains the formation of covalent bonds in 
simple molecules like H,, HF, etc. The treatment given to H,O and 
NH, is not fully adequate as the description of bonding in H,O and 
NH, molecules does not agree with strcutural parameters for the mole- 
cules. The simple valence bond approach to covalent bonding also met 
with failure as it could not explain the number of bonds present in the 
simple molecules such as BeCl, BF, and CH,. 
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A consideration of the electronic configurations of beryllium 
(182, 2s), boron (1s?, 2s?, 2р!) and carbon (1s*, 2s?, 2p?) suggests that 
these elements should be zerovalent, monovalent and bivalent respec- 
tively. But actually this is not true. The elements are, however, typi- 
cally bivalent, trivalent and tetravalent respectively. As a result, two 
half-filled 2p orbitals in carbon would be expected to overlap with 1s 

orbitals of two hydrogen atoms to form CH, as illustrated below : 
However, CH, is not 
a stable molecule. Even if 
18 28 ep it could be produced, it is 
c [tt] п highly reactive. This is be- 
cause, CH, molecule is 
ü à f i»! electron deficient, i.e., car- 

s H P 

f bon atom has only a sextet 
c [14] ипи (i.e. six) of electrons 
rather than stable octet 
electron structure. Al- 
н:С:н though, there are an 
enormous number of carbn 
compounds ; the problem 
of instability hardly exists. 
Carbon, in all these com- 

pounds, is tetravalent. 
The simplest stable molecule formed between carbon and hydrogen is 
the familiar methane molecule. Thus, carbon atoms form four © bonds. 
The molecule is a regular tetahedron with a C atom at the centre, H 
atoms at the four corners, and H—C—H bond angles of 109° 28' each. 
In terms of atomic orbitals, this requirement can be met by uncoupling 
one of the 2s electrons and promote it to 2p level (this process would 

require energy). This process is called promotion. 


donee 


1s 2s 


2p 
.NoRMAL C [3] Е Four singly occu- 


PROMOTION pied orbitals. All can 
participate in bond for- 


15 26 2р y 
mation to form tetrava- 
EXCITED °[] [1] ttit) lent carbon compound. 
The molecular geometry predicted from the orbital diagram 
would be molecule with three C-H bonds at 90° and the fourth, undi- 
rected. Thus, the orbital diagram accounts for the correct number of 


C—H bonds ‘but not the spatial orientation of these bonds. Since the 
formation of bonds involves fall in energy, the formation of four 
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bonds would experience a drop in energy more than that of two bonds 
(by a divalent carbon atom). This additional lowering of energy more 
than compensates for the energy required to uncouple and then pro- 
mote the 2s electron to the higher energy 2p orbital. In fact, the ener- 
getics of the process explain why CH, is the stable molecule rather 
than CH, (Fig. 641). 


2500 
f Сер?) + 4Н(а) 

E1 

2000г 

C(g)[s2pa] + 4H(g) 

1500 

L 
C(g)Is2p2] + 2H(g) 452 


kJ mol—1 


1000 C(s) + 4 Н(9) 
500 on C(s) i g) |2AH 
А 
CH C(s) + 2H2(g) 
à Y (9) C(s) + 2H2 CHA(g) 


E, = 782 kJ mol—1 
AH=HEAT OF DISSOCIATION OF GASEOUS H,= 431 kJ mol—1 
L=HEAT OF VAPORIZATION OF C(s) C(g) 711 kJ mol-' 
E2-ENERGY OF C—H BOND * 43 kJ mol-' (607 kJ mol-) 


Fig. 6.4] Energy changes involved in the formation of CH,and CH, 


Similarly acceptable Lewis structures for Весі, and BF, require 
two and three unpaired electrons respectively. In terms of atomic orbi- 
tals the requirement can be fulfilled by promoting electron from 2s to 
2p level. The promotion scheme for the two elements is : 
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1s 2s is 2s 2p 


bi D To [t4] 
2s р 2р 
[n] CLT Ii [0] ГИ 
Promotion leads to an overall drop in energy because it increases the 
bonding capability of Be and B. 
Hybridization Of Orbitals 

The number of unpaired electrons in the excited states corre- 
sponds with the Observed combining power of the atoms; However, 
such a state does not explain the fact that all bonds are equivalent ina 
molecule such as ВеСі,, BF, ВСІ, CH, or ССІ,. To overcome this, the 
concept of hybridization of atomic orbitals is introduced. It involves 
the mixing up of atomic orbitals to produce composite orbitals (orbi- 
tals of equivalent energy) that we call hybrids. Atomic orbitals in- 
volved in hybridization are nearly of same energy. At this stage, it 
must be made absolutely clear that this is not a phenomenon., i.e., it is 
not a process which we can observe and study. It is essentially a 
mathematical convenience - a system of rearranging the electrons as- 
sociated with atomic orbitals such as to reconcile them with the ob- 
served shapes of molecules. 

The concept of hybrid orbitals can be extended to explain the 
bonding about any central atom. In such explanations the following 
facts apply : 

1. The number of hybrid orbitals is equal to the number of ground 
state orbitals. 

2. Hybrid orbitals of the same type are equivalent in energy with 
maximum symmetry. 

3. Hybrid orbitals always have a greater tendency for overlapping 
than do the atomic orbitals. ? 

4. Hybrid orbitals have definite orientation in space and point in di- 
rection that are consistent with the observed shape of the mole- 
cule and are used to construct bond orbitals. 


Geometry Of Molecules 

The use of the pure atomic s and p orbitals has failed to account 
for the shapes of most of the molecules.The description of simple 
atomic orbital (s, p, d, etc.) is based on isolated atoms. The electronic 
arrangements for the isolated atoms are not applicable to bonded at- 
oms. They have been successful in explaining some covalent bonds. 
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The linear, trigonal.and tetrahedral shapes for various molecules cannot 
be explained by using simple atomic orbitals and the idea of hybrid 
orbitals had to be introduced. 

Covalent bonds have direction. In a molecule in which two or 
more covalent bonds are presentmolecular geometry is dictated by the 
bond angles about the central atom. The nonbonding electrons also 
affect the molecular geometry. 
5р? Hybridization 

The mixing up of one s and three p orbitals produces fou sp? 
(pronounced espce three) hybrid orbitals that are directed Г the 
four corners of a regular tetrahedron making an angle of 109° 28' with 


each other (Fig. 6.42). The Sp* hybridization scheme is suggested be- 
low through orbital diagrams. 


CARBON 


GROUND STATE 

(VALENCE ELECTRONS) 
PROMOTION 
EXCITED STATE 


sp? HYBRIDIZATION 
РЕ FOUR EQUIVALENT 
SINGLY FILLED sp? 
HYBRID ORBITALS 
5р? HYBRIDIZATION IN CARBON ATOM 


e 
(C Wr Sa i 


s - ORBITAL Py ORBITAL Py ORBITAL р, ORBITAL 
Y `, 


Z 


FOUR sp* HYBRID ORBITALS 
tetrahedral hybridization - one S and three р 
rm four sp! hybrid orbitals of equivalent energy. 
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Methane : In the formation of methane (CH,), the singly occupied 1s 
orbital of each of the four hydrogen atoms overlaps with the four 
singly filled sp? hybrid orbitals of the carbon atom (Fig. 6.43) forming 
four С-Н ,9 bonds. This results in a regular tetrahedral distribution 
of с bonds. 

Ethane : In ethane, the carbon orbitals are sp? hybridized and bonding 
occurs by verlap of one hybrid orbitals of one of the carbón atoms 
with the hybrid orbital of the other carbon atom to form а bond 
between two carbon atoms. The remaining three hybrid orbitals on 
each carbon atom overlap with six 1s atomic orbitals on six hydrogen 
atoms to form six С-Н © bonds (Fig. 6.44). The structures of other 
saturated hydrocarbons or their derivatives (CH,F, CHCL, CH,Cl,, 

H,Cl, etc.) не be arrived at іп the same fashion. 


5р? HYBRID ORBITALS PAIR UP 


mnm pens ААА ELECTRONS FROM 
FOUR HYDROGEN ATOMS. 
H 


4H c 
1S ORBITAL SP*HYBRIDORBITAL СН, MOLECULE REPRESENTATION 
INH-ATOM — INC-ATOM OF CH, MOLECULE" 


Fig. 6.43 Formation of tetrahedral methane molecule by overlap of 
carbon sp! hybrid orbitals with 15 atomic orbitals of hydrogen 


Fig. 6.44 Formation of ethane molecule; orbital diagram 
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Ammonia : Even in cases where the number of bonds to be formed in 
a molecule is fewer than the number of pairs of electrons available, it 
is possible to explain the observed bond angles in terms of hybridiza- 
tion. For example, it can be assumed that in the ammonia, NH, mole- 
cule, the nitrogen atom uses four sp? hybrid orbitals to accommodate 
the four electron pairs. Three of these hybrid orbitals overlap with 1s 
orbitals from the three different hydrogen atoms forming N-H bonds 
and the fourth orbital contains the unshared electron pair. On the basis 
of s-p overlapping model the H-N—H bond angle should be 90°, and 
in the model invoking sp? hybridization it should be 109° 28' (Fig. 
6.45). The experimentally observed angle is 106° 45' which shows that 
the actual structure is between these two extreme models, implying 

_ that the degree of hybridization in the NH, molecule is less than in 
methane. The hybridized model of NH, has a triangular pyramidal 
shape. The scheme of formation of the NH, molecule is given below : 

1s? est apt 

NITROGEN 2p 
GROUND STATE [ti] nnn 
(VALENCE SHELL) H 


—- "n T es г 


sp HYBRIDIZATION 

THREE SINGLY OCCUPIED 
sp? HYBRID ORBITALS OVE- Lt Tt Tt 
RLAP WITH THREE 1s ORBIT- Sp . 
ALS OF HYDROGEN АТОМ. 
ONE sp? ORBITAL RE MAINS nman 
OCCUPIED ннн 

Hybridization scheme for NH, molecule 


FOUR EQUIVALENT 
HYBRID ORBITLAS 


Y LONE PAIR 
5p? LONE 
PAIR 
N 
— Pa H 
m 


(a) (b) 


Fig. 6.45 Two extreme models of ammonia molecule: (a) bond forma- 


tion in NH, using pure s and P orbitals, (b) bonding in NH, using sp? 
orbitals of nitrogen 


The scheme of formation of NH, molecule shows that three of 
the orbi 


itals about the nitrogen atom are the intermediate of hybrid sp? 
А » 


and pure p in character, and the unused fourth orbital is between hy- 
brid sp? and pure s. The lone pair of electrons occupies this latter 
orbital. 3 

The structures of PF,, РСІ,, NCL, PH,, etc. can be arrived at in 
same way. 
WATER : The description of the water, H,O molecule in terms о! 
hybrid orbitals is very similar to that of NH,. Two sp’ orbitals overlap 
with 1s orbitals from the two hydrogen atoms forming O-H bonds to 
give the molecule a bent shape while the other two orbitals hold un- 
shared electron pairs (Fig. 6.46). The bond angle H—O-—H is 104° 27 
which indicates that the degree of hybridization is less than that of 
NH,. The plausible scheme of the formation of water molecule is 
suggested below through orbital diagram : 

1s? 2s  2p* 


OXYGEN 2s 2p 
GROUND STATE 
(VALENCE SHELL) о нЕ РР 4 

sp? HYBRIDIZATION 
Two singly occupied se In [tlt] FOUR EQUIVALENT 
hybridorbitalsoverlapwith sp? HYBRID ORBITALS 
two 1s orbitals of hydrogen 


atom. Two fully filled sp* [ПИШ 


orbitals remain unused. уз 


| Hybridization scheme for H,O molecule. 


sp'LONE PAIR 


Qu PAIR 
— Y 


2pLONE 
PAIR Z 


Р " ej 
Fig. 6.46 Two extreme models of the water molecule: (a) bond forma- 
tion in H,O using pure $ and p orbitals, (b) bonding in H,O using sp’ 


orbitals of oxygen 
Thus, the structures of HS, Н,5е, H;Te, etc. are ай V - shaped as re- 
quired by the electron structure of oxygen atom. 
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5р? Hybridization 

The mixing of one s and two р orbitals produces three sp? hy- 
brid orbitals of equivalent energy. These orbitals are directd towards 
three corners of an equilateral triangle at an angle of 120° to each 
other in a plane (Fig. 6.47). The unused third p orbital takes part in 
bond formation in its original form. 


s P, P, 


Fig. 6.47 Process of trigonal hybridization - one s and two p orbitals 
on mixing form three 5р? hybrid orbitals. 


Ethene : The bonding in ethene (or ethylene, an unsaturated hydrocar- 


bon) is usually interpreted in terms of sp? hybridization. Two of the 
Sp? hybrid orbitals from each carbon atom 


bonds by Overlapping with the four 1s orbi 


to form a second 4 type C-C bond (Fig. 6.48). The е 
concentrated above and below the С-С axis, 


The hybridization scheme in the bon 
bon in the formation of ethene is Sugges 


1s? 2s? 2р" 


ding of hydrogen and car- 
ted below through orbital 
CARBON 


GROUND STATE 
(VALENCE SHELL) 


PROMOTION 
EXCITED STATE 
Three singly Occupied 
sp? hybrid orbitals sp? HYBRIDIZATION 


hydrogen atoms and one RNE Р ORBITAL 
carbon atom 2 а ЕРИНЕ 
Hybridization scheme for С.Н, molecule, 
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Pair up with bonding THREE EQUIVALENT 
electrons from two [t] HYBRID ORBITALS 
с 


H 134pm H 

SIGMA (о) BONDS є e 
— © C=C 
H Nu 


s- BOND 


pi (x) BOND- = PLANE OF C 
" AND H NUCLEI 


Fig. 648 Е ormation of ethylene molecule. 


Sideways overlap is maximum when the C-H bonds are all co- 
planar. The degree of overlap of the two pure 2p atomic orbitals is less 
than the overlap of the two sp? hybrid orbitals. This difference in over- 
lap makes the * bond weaker than б bond. The weak nature 
of л bond attributes to the reactivity of ethylene. The two carbon 
atoms tend to form a more stable С bond with other atoms. The pres- 
Al ence of т bond (in addition to С bond) suggests that the two carbon 
atoms are bound more strongly than by a single © bond. This results 
in decreasing the bond length. The CH, fragments in ethene cannot be 
rotated with respect to each other as on rotation the 2p orbitals are 


quickly twisted out of overlap. This prohibited rotation accounts that 


the disubstituted ethene molecules can exist as two geometric isomers, 
vz., the cis and trans. 
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BORON 


GROUND STATE 
(VALENCE SHELL) 


SP? HYBRIDIZATION 
EXCITED STATE t T4] THREE EQuivaLent моцу 
+ t| FILLED sp? HYBRID ORBITALS 


nmm PAIR UP WITH BONDING 
E 


“ELECTRONS FROM THREE 


a F FLOURINE ATOMS 
Hybridization scheme for BF, molecule 


F 


Fig. 6.49 Formation of trigonal BF, molecule by overlap of boron sp? 
hybrid orbitals with 2р orbitals of fluorine, 
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Thus, the structure of BCI, BBr,, BL, etc. are all trigonal as - 


required by the electron structure of the boron atom. 


sp Hybridization 

This is the simplest case of diagonal hybridization, where two 
orbitals, i.e., опе s and one p orbitals on moving together form two sp 
hybrid orbitals (Fig. 6.50). The two sp hybrid orbitals are directed 
along a straight line, at a 180° angle. The unused two p orbitals take 
part in bond formation as pure p orbitals. 


Y 7 
Y 7 Y X 
= | А x 
— 
X T X 

! 180° 
— оь. 
S ORBITAL RS ORBITAL X 


TWO HYBRID ORBITALS 


Fig. 6.50 Process of diagonal hybridizatin - опе $ and p orbitals on 
mixing form two sp hybrid orbitals. 


Ethyne : In the ethyne (C,H,) molecule, each carbon is attached to 
other atoms, a hydrogen and a carbon atom. Two orbitals are required 
around each carbon atom for the purpose. The bonding scheme in- 
volves sp hybrid orbitals. 


In ethyne (acetylene) one 2s and one 2p orbitals on each carbon 
atom hybridize to form sp hybrid orbitals. This leaves on each carbon 
atom two singly occupied unhybridized 2p orbitals that are mutually 
perpendicular to the sp hybrid orbitals. One sp hybrid orbital onone 
carbon atom overlaps with that of the other forming a g/ bond. The 
remaining sp hybrid orbital on each carbon atom overlaps with the 1s 
atomic orbital of hydrogen to form C-H bonds. Two, 7 bonds are also 
formed by the overlap of the unhybridized two 2p orbitals (Fig. 6.51) 
on each carbon atom. Thus, acetylene molecule will consist of a triple 
bond constituted of one g and two ж bonds. 


Further, it is important to note that in compounds having mul- 
tiple bonds, one bond would be @ bond the other would be т bonds. 
For example, in oxygen molecule, as we have seen earlier, there is one 
and g one т bond, in nitrogen there is one С and two т bonds in 
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ањ 


FORMATION OF x BONDS 
Fig. 6.51 Formation of ethyne molecule 

ethylene, there is one с and one тх bond. 
Beryllium Fluoride : The Structure of BeF, is also explained on the 
basis of sp hybridization, In the molecule, Be atom with two sp hybrid 
orbitals overlaps with the two half-filled fluorine 2p orbitals as shwn 
in Fig. 6.52. The structures of Весі, BeBr,, CO,, CS,, etc. are all 
linear as required by the electron structure of the beryllium atom. 

In many com- 


F Е }) 
"S pounds d orbitals are 

(XS ех) also involved and can 
1 Bon give rise to more 


complicated hybrid 

p Касы: orbitals, e.g., dsp’, 

g 9 Sp'd and sp*d? 

Fig. 6.52 Overlapping of p orbitals of flüorine (Fig. 6.53). The in- 
atoms withsp hybrid orbitals ofBe in BeF. volvement of d orbi- 


tals starts from third period elements. Both phosphorus and sulphur 
are from third period, Their electronic arrangements for the valence 
Shell are 352 3p? ang 352 3p* respectively. They form compounds 
like PF,, PF, H S, SF,, SF, etc. The structures of PF, and H,S can be 
explained by sp? hybridization scheme (seen in NH, and HO). In ex- 
plaining the stereochemistry of PF,, SF, and SF, vacant d orbitals are 
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(a) Mixing of Orbitals to give four Equivalent dsp? Hybrid Orbitals 


dy 
2814) 
X am 


(b) Mixing of Orbirals to give five dsp? or sp?d Hybrid Orbitals 


de cs 
E 


(c) Mixing mds to give six Octahedrally disposed dsp or sped! 
Hybrid Orbitals 


Fig. 6.53 Mixing of orbitals to givedsp? , sp d, and sp d^ Hybrid 
Orbitals 
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omy 15 UlStribuled equally. over the two atoms. An extreme example 
would be a chemical bond between two identical atoms, as іп Н, F, 
etc. With the positive and negative charges equally distributed, the Н 
and F, molecules are non-polar. 

When two atoms of very different electronegativity are joined 
together, the bonding electrons tend to be drawn close to the more 
electronegative atom. In CsF, the electrons in the bond spend virtually 
all their time close to fluorine (highly electronegative). Under the cir- 
cumstances, it is justified to say that an electron has been transferred 
from the caesium atom to the fluorine atom, which therefore, behaves 
as a negative ion (F—), while the less electronegative Cs becomes a 
positive ion (Cs*). These ions are attracted to one another by their 
opposite charges. As a result, an ion pair Cs*F— is formed. This is an 
extreme example of polar covalent bonds. 

Between the extremes of purely covalent and purely ionic bond- 
ing there can be found examples of all kinds of intermediate polarity. 
It is possible to estimate the percentage of ionic nature of a polar co- 
valent bond from experimental data. Dipole moment data can provide 
valuable information about the manner in which electrons are shared 
between bonded atoms. 

It is important to know that the bonds in molecules are always 
of the polar covalent type, since 100% covalent or ionic bonds are not 
possible. However, a polar covalent bond which is mostly ionic (i.e., 
with > 50% ionic in character) is generally called ionic. Similarly, the 
one with a mostly covalent character (i.e.,«5095 ionic in character) is 
mostly known as covalent. 

67 IONIC CHARACTER OF BONDS AND POLAR MOLE- 

CULES 
6.8.1 Molecular Polarity and Dipole Moments 

Ionic and non-polar covalent bonds represent extremes in chemi- 


2 


electrons are shared equally between like atoms, and charge distribu- 
tion is uniform. There is absolutely no ionic character, 

When a covalent bond joins atoms of two different elements, the 
shared pair of electrons is not shared equally. The result of this un- 
equal attraction for electrons is that the electrons are pulled closer to 
the atoms of one element than the other. For example, in case of 
hydrogen chloride molecule, chlorine atom ha 


molecule is slightly Positive (usually indicated by 5*) and the Cl end is 
Slightly negative (5-). This is illustrated in Fig. 6.54, 
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Fig. 6.54 The hydrogen chloride moleculethe covalent bond is polar 


Such covalent bonds formed between dissimilar atoms are polar 
covalent bonds and such molecules are called polar molecules. A pair 
of two separated, equal and opposite charges is called a dipole, A 
dipole is described quantitatively by its dipole moment, „А which is 
definedas the product of the magnitude of the charge qat each end of 
the dipole and the distance r between the charges. According to SI 

units q is measured in coulombs 


*q -q and the distance r is measured in 

eB metres. So it will be measured in 
coulombs metres, Cm. 

—— 2—4 The dipole moment of a 


ш = ‘OF molecule is the resultant of the in- 

dividual bond dipoles. Each bond- 

Defination of the dispole moment dipole is described by a vector des- 

ignated by an arrow that points from the positive to the negative end. 

Therefore, the resultant dipole moment of the molecule is equal to 
bond dipole vector addition as illustrated in Fig. 6.55. 
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Fig. 6.55 Bond dipole vector addition. The arrow (——>) points from + 
to —end of the polar bond. The resultant vector is the final dipole of the 
molecule : 
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A molecule that has a dipole moment is called a polar molecule. 
Since it has two poles, it is also called a dipolar molecule. All dia- 
tomic molecules with polar covalent bonds have dipole moments, and 
thus, are polar. But not all polyatomic molecules with polar covalent 
bonds are polar. The effect of individual polar bonds on the polarity of 
an entire molecule depends on the Shape of the molecule and the 
orientation of the polar bonds about the central atom. So in polyat- 
omic molecules, the dipole concept is applicable to an individual 
bond. Not all molecules with charge centres are polar. A molecule is 
polar only if charge centres are unsymmetrical. Even if the individual 
bonds within a molecule are polar, the molecule as a whole can be 
non-polar if the charge distribution is symmetrical, i.e., the centre of 
all the negative charges and the centre of all the positive charges coin- 
cide, e.g. CCI, and BF, have zero net dipole moment; 

Carbon dioxide : Carbon dioxide, for example, is a linear molecule 
with partial negative charges around the more electronegative oxygen 
atoms. This is balanced by partial positive charges around carbon as 
illustrated in Fig. 6.56. In CO,, the centre of two negative charges on 

oxygen atoms coincide with the centre 


BOND DIPOLES of positively charged carbon atom, so 
prac the molecule has no dipole moment. 

Although the individual bonds 

E. 3 are polar, the polarity of one bond can- 

o= c o $ cels the polarity of the other beause of 

ô- öt the symmertry in charge distribution. 

This makes the molecule non-polar. 

—} The total dipole moment of a molecule 


is the sum of the individual bond di- 

poles within the molecule, which add 

together like vectors, In CO, mole- 

: cules, these bond dipoles are oriented 

Fig. 6.56 Carbon dioxioxide in opposite directions and they effec- 

molecule. Centre of positive tively cancel each other. Hence the net 

and negative charges coin- dipole moment is zero. 

cide i.e., there is no charge Beryllium fluoride : It has two polar 

separation between the covalent bonds and is linear. Its net 

centres of positive and molecular dipole moment is zero. (Fig. 

negative charges. An arrow 6.57). The beryllium and fluorine at- ` 
with a plus(+) sign on опе От lie along the same axis, therefore, 

end is used to represent the the bond polarities cancel because they 

bond dipole are in opposite directions, 

Water: The triatomic H,O molecule has 
Deby (D) = 3.34 x 10-9 Cm). This fa 
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NET DIPOLE MOMENT 


a dipole moment (121.85 D; 
ct immediately rules out the 


ooo ESE 


m 


—— (—P 


linear strucwre for H,O and supports 

F its angular structure. The dipole 
moment value is in agreement with 
the angular structure predicted for a 
BOND DIPOLES molecule with four electron pairs 
about the central atom. In water 
molecule, the centre of the positive 
NET DIPOLE MOMENT „jfw O charges is situated near the hydrogen 
atoms, so there is a charge separa- 

Fig. 6.57 Dipole moment dia- tion and a dipole moment (Fig 6.58). 
gram of BeF ,(a non-polar mole- The net molecular dipole (—>) is 


F Be 


-—- + 


-— + +e HO 


cule) i drawn to show this separation of 
+ 
5 H à 
CENTRE OF 
NEGATIVE 104:5^ 
CHARGE ON, 
Ж `х 0 28 к= b 
CENTRE OF F тотон vi 
POSITIVE SUM OF OH 
CHARGE 4 DIPOLE MOMENTS 
нё H H 


р = 1:850 =6:17 x10-3Cm 
Fig. 6.58 Dipole moment diagram of H,O molecule (a polar molecule) 


charges arising from the two or individual bond dipoles. The asymme- 
try (geometrical imbalance) of the polar bond distribution leads to 
separation of the centres of charges - а necessary condition for any 
molecule that has dipole moment. Molecules with dipole moment are 
described as polar molecules. 
Sulphur dioxide ; Sulphur dioxide illustrates the effect of molecular 
shape on dipole moment. We expect $ — О bond to be polar. Sulphur 
dioxide molecule has a dipole moment of 5.42 x 10°* Cm. This is 
because of the angular structure associated with SO, molecule. The 
two S — О dipoles make an angle of 120° to each other, and hence, 
з VECTOR SUM OF they do not cancel each 


x SO DIPOLE MOMENTS other; their vector sum 
Г | N gives a net molecular di- 
pole (or resultant dipole) 

о о 


pointing along the bisec- 


ч, tor of О — S - О angle 
(Fig. 6.59). Thus, for a tri- 
p= 5-42 x 10-2°Cen atomic molecule with cen- 


Fig.6.59 Pridiction of angular shape for $Q, tral atom (A) and other 
fromthe measurement ofdipole moment two identical atoms (B), 
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the measurement of dipole moment can convey to us whether the 
molecule is linear or angular. 

Boron trifluoride : Boron trifluoride illustrates the effect of its mo- 
lecular shape on dipole moment. It has a trigonal shape. Its highly 
polar bonds (electronegativity difference, ASEN = 2.1) are inclined at 
120°. Its shape causes the centres of negative charges on the F atoms 
and positive charge on the B atom to coincide (Fig. 6.60). Therefore, 
the moleule has no 
dipole moment. In 
other words, BF 
bond dipoles present 


B S ај in symmetrical pla- 

i dio ^| nar trigonal arrange- 

{ `\ ment have a vector 

£j ry Fe Р F sum of dipole mo- 
; TROU ment zero by the law 
ó of „parallelogram of 

аз о forces. It supports 
the presence of three 
fluorine atoms at the 
vertices of an equi- 
lateral triangle with 


IR 
Sm m 
X 

т 


Fig. 6.60 Dipole moment diagram of ВЕ, Su- 
perimposed + and x marks the spot where the 
centres of positive and negative chanrges coin- the boron at the 


cide centre. Therefore 
BF, is a non - polar molecule. The lack of polarity in the molecule is 
predicted from its low b.p. (172 K). Other molecules such as BCL, 
BL, BBr,, and SO, have also zero dipole moment. 

Phosphorus trichloride : Its trigonal structure with a lone pair of 
electrons (triangular pyramidal Shape) has a dipole moment (H 22.30 x 
107^ Cm). Molecules that have one or more non-bonding electron 
pairs in the valence shell of the central atom have a dipole moment 
(except linear AX. E, and square planar AXE, structures, where E = 
number of nonbonding electron pairs) whereas others that do not have 
a non-bonding electron pairs have no dipole moment, Molecules simi- 


The tetrahedral structures of carbon compounds of the general 


various polarities distributed equidistantly 


about the central atom. In these Structures, the bond dipoles point 
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p= 4:88 x 10-3Gm u = 0:668 х 10-7°Om 


Bond dipoles reinforce the effect Bond dipoles oppose the effect of lone 
ofthe lone pair of electrons. pairof electrons. Therefore NF, is 


Therefore, NH, ishighly polar. slightly polar. 
Fig. 6.61 A comparision of dipole moments in NH, and NF, 


toward the corners of tetrahedron. For example, in methane, carbon is 
more electronegative than H (EN for H = 2.1; EN for C 2.5). This 
means that the pair of bonding electrons will be closer to the carbon 
atom. Each of the four C-H bonds will be the same. As a result, the 
carbon atom will be the centre of negative charge and that each of the 
hydrogens will form a region of equally strong positive charge. Fur- 
ther a molecule where there is symmetrical distribution of polar bonds, 
the centres of positive and negative charge coincide, therefore, the 
molecule has no dipole moment and is nonpolar. 

A similar conclusion can be arrived at if we consider the bond 
dipoles, i.e., a tetrahedron arrangement leads to complete cancellation 
of the dipoles. Each individual bond dipole is cancelled by the effects 
of the other three that point particularly in the opposite direction. 
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Therefore, tetrahedral molecules such as ССІ,, CF, CH, erc. are non- 
polar, even though they have polar bonds. 


&H H 
45- | 
dá 
BH ees: C ——— Hé: h ——— -c - H 
^1 М, 
ён н 
Foursymmetrically Superimposed + and x marks the 
distributed polar bonds spot of where the centres of posi- 


tive and negative charge coincide 
Fig. 6.62 Dipole moment diagram of the non-polar methane molecule 


Exercise 6.3 : 15 the chloroform molecule CHCI, polar ? 
Solution : Chlroform is a: tetrahedral molecule, but all the bonds are 
not alike. Chlorine is more electronegative than hydrogen, so the C-Cl 
bonds are more polar than C-H bond. In this case, the complete can- 
cellation of bond dipoles does not take place because one individual 
bond dipole is different from the other three. So the molecule is polar. 
6.7.2. Percentage Ionic Character of Covalent Bond 

The polarity of a bond can be measured by determining the 
dipole moments, һ (mu) of a molecule. The dipole moment of a mole- 
cule can be measured experimentally. 

The measured value of the dipole moment u of HF is 1.91 D. In 
SI units it will be equal to з , 


2191 pG34 x T0 Cm) = 638x 10? Cm 


Since the bond length for HF is 92 pm (1 pm = 10—? m) we can 
calculate the magnitude of the charges on each atom. 
30, 
Percentage = Actual charge x 100 
ionic character Electron charge 
The charge on the electron, and therefore, the total ionic charge, 
is 1.6 x 10— C. The fraction of this unit charge that is designated *s' 
in HF is : 
= 6.9 x 102C 
è =т6х109с" =043 
Percentage ionic character =0.43 «100 = 43% ionic 
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Therefore, the molecule of HF is 43% ionic. The polar nature of 
the molecule can be understood by comparing the calculated and ex- 


perimentally measured bond length. 
Calculated value for the bond length is 101 pm 
Measured bond length is 92 pm 


This shortening of bond length is attributed to the partial ionic 
character of the molecule. Because of ionic character, atoms get 
closer, and thus, bond shortening takes place. 

Attempts to relate difference in electronegativity to percentage 
ionic character in the bonding have also been made (Fig. 6.63). 


100 


PERCENTAGE TONIC CHARACTOR 
a 
o 


1 2 3 
ELECTRONEGATIVITY DIFFERENCE 
Fig. 6.63 Percentage ionic character as a function of electronegativity 


difference 

The graph is based on the ionic characters of hydrogen halides 
(HF, 43% НСІ 19%, HBr 11% and HI 4%) whose ionic characters are 
determined experimentally from dipole moments. When the electrone- 
gativity difference is about 1.7, the bond is about 50% ionic. With a 
difference larger than this, the bond becomes more ionic than cova- 
lent; with a difference less than this, the bond is more than 50% cova- 
lent and polar. Electronegativities can tell us whether the two atoms 
will tend to. form an ionic bond, a polar bond or a non-polar bond. 
Table 6.4 is a rough guide to the relationship between the elctronega- 
tivity differences of the bonding species and the percentage polarity of 
the bond. 
TABLE 6.4 Relationship between electronegativities and polarities 


f Cure RP 
Elecronegaiviy 0 025 05 075 10 15 17 175 20 25 30 
difference 


Rare ы ыыы а aay aaa 
Percentage polarity 0 2 6 14 225 43 50 525 625 785 . 89 
(ionic character) 
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6.8 BONDING IN SOLID STATES 

Matter is an aggregate of atoms. There are three different states 
or phases of matter : gas, liquid or solid. 

Solids and liquids are termed condensed phases. In them the 
constitutent atoms, molecules or ions are packed closely together with 
very little free space, and each is greatly affected by the behaviour of 
its nearest neighbours. Various types of bonding patterns have been 
recognized amongst the solids; fvg., covalent, ionic, metallic and van 
der Waal s bonds. 

A gas, by contrast, contains widely spaced isolated molecules. 
Covalent and ionic bonds are the only possibilities amongst isolated 
‘molecules, 

The state of a substances, i.e., whether it is a solid, a liquid or a 
gas, depends partly on how Strongly the particles attract one another. 
This strength of attraction (interparticle force) depends upon whether 
the particles are molecules, atoms or ions. Further, it depends upon the 
nature and stereochemistry of the molecules. These characteristics of 


or molecules, and hence, they may be d 
points. For the lattice Points to be equival 
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chemical environment. In Fig. 6.11 the three dimensional crystal lat- 
tice of sodium chloride-is shown. Each Na* ion is surrounded by 6 
chloride ions and vice versa. Thus, both Na* and CI- ions have identi- 
cal environments but are different for the two ions. Therefore, in NaCl 
the lattice points may be labelled at the sites of either Na* or СІ ions 
but not at both. 

Further, the particles arrange themselves as warranted by the 
attractivé forces. These attractive forces may be electrostatic (interi- 
onic), covalent (interatomic) or intermolecular forces. 

Crystals are classfied on the basis of structural units - ions, at- 
oms or molecules - and the nature of forces holding particles together 
in a crystal as follows : 

6.8.1 Ionic Solids 

One can visualize a process whereby the gaseous ion pairs of 
Na* CI^ will condense upon cooling into an orderly three dimensional 
array in a solid. This process leads to the release of energy called 
lattice energy. Finally formation of ionic crystallice solid takes place. 
Such a crystal could be possible because oppositely charged ions are 
held by strong electrostatic forces. Substances like, lithium fluoride, 
sodium chloride, and potassium chloride exist in solid state as ionic 
crystals (because ion units constitute the crystals). The ions may be 
monoatomic (Na*, Ba?*, СІ, F- etc.) or polyatomic (NH;, 502, NO;, 
etc. 

The mode of packing of ions depends on the relative sizes of 
positive and negative ions. Generally there exists two interpenetrating 
lattices of anions and cations. Cations and anions of nearly the same 
size pack themselves in a body centred cubic fashion, e.g., CsCl. If 
the radius ratio of positive and negative ions is a little smaller than 
that of CsCl, the packing is of face centred cubic type seen in NaCl. In 
NaCl crystal (Fig. 6.11) the average distance between two neighbour- 
ing ions is 281 pm which is slightly less than the sum of radii of each 
Na* (95 pm) and CI (181pm). Thus, there is almost negligible space 
between the ions. : 7 

Strong electrostatic, forces impart hard and brittle character to 
them. They are high melting solids with very low vapour pressures 
because lot of energy is required to overcome the electrostatic forces 
holding the charged ions. Under the influence of shearing force, planes 
move and orient in such a fashion so that like, charges come in contact 
and repel one another. Thus, a crystal may suffer cracking. Ionic sol- 
id$ are easily broken. They do not conduct electricity as the ions are 
fixed in positions, In molten states they conduct electricity as the ions 
are free in this state. Ionic solids dissolve easily in polar solvents like 


water. 
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6.8.2 Molecular Solids 

In these covalent solids, small and discrete molecules are held - 
together by relatively weak dipole-dipole or van der Waals forces. 
Such solids are of two types, i.e., polar and non-polar molecules. 

X-ray analysis of the non-metallic solids has revealed a variety 
of structures. In these solids, the atoms are linked by covalent bonds, 

Both HI (molecule of slight polarity) and H,O (molecule of high 
polarity) are polar molecules. Polar molecules constituting crystal lat- 
tice are held by dipole-dipole attractions (Fig. 6.64). 

The arrangement 
of the polar molecules 
depends upon the 
shapes of the molecules 
and the strength of at- 
traction (Fig. 6.65). 

Although the at- 
oms in non-polar mole- 
cules are joined by 
Strong ‘covalent forces, 
the separate non-polar 
molecules are held to- 
ATTRACTION —**- -. gether by van der 
REPULSION 2—5 Waals attractive forces 


Fig 6.64 Electrostatic interactions be- within the crystal lat- 
tween dipoles lice. These forces are 


duct electricity when molten or dissolved in water. Solid argon, io- 
dine, hydrogen ,carbon dioxide (dry ice), napthalene and Sucrose be- 
long to this class of Solids, 

The network of molecules in the molecular solids depends on 
the nature of molecules. We know that hydrogen molecule and similar 
such molecules cannot form additional covalent bonds because of the 
lack of vacant orbitals for further bonding. However, hydrogen lique- 
fies and even solidifies at low temperature, It will be appropriate to 
know the nature of the forces Operating in such molecular structures 
i.e., between two non-polar molecule | 

The attractive fo 
in nature, Le., the co 


тсе$ between atoms or molecules are electrical 
mponent atoms or molecules are neutral in the 
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Fig. 6.65 Structure of ice, the orienta- 
tion of water molecules in the ice crystal 


distributed symmetrically 


sense that their electri- 
cal charges are bal- 
anced, but the distribu- 
tion of electrons in 
them may be such at a 
point of time that the 
electrical charges are 
unbalanced. Then at- 
oms are attracted to 
each other. 

Further, in non- 
polar substances such 


.as iodine and noble 


gases, etc. there is no 
initial dipole and the 
molecules are electri- 
cally symmetrical. Let 
us consider a noble gas 
atom such as He or Ar 
with a spherically sym- 
metrical electronic cha- 
rge cloud. However, at 
a particular moment, 
electrons may not be 


because of their constant and continuous 


motion. As a result, atom or molecule will develop the characteristic 
instantaneous dipole, i.e., a dipole that exists temporarily. At some 
other moment, the electrons might have changed their positions and 
the polarity is different, over time, the net dipole moment becomes 
zero, but the atom has a fluctuating, transitory dipole moment. This 
has been illustrated in Fig. 6.66 through a set of figures. 

When an atom (or molecule) with instantaneous dipole comes in 


the contact of another atom, the mu 
charge clouds results in momentary 


electron charge cloud of the non-polar atom 


trons in one atom or molecule tend 


tual repulsion of the two electron 
distrotion or polarization of the 
(i.e. the 2nd atom). Elec- 
to orient themselves with respect 


to electrons in another atom 50 that they stay as far apart as possible 


and thereby experience no mutu ‹ 
and instantaneous dipole will interact wi 
induces a temporary dipole in such a way 


between the two dipoles. Hence, two atoms 


larized, producing an electrostatic force О 
called an instantaneous induced dipole 
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al repulsion. An atom with fluctuating 
th a neighbouring atom and 
that there is a net attraction 
become momentarily po- 
f attraction between them, 
attraction. Fig. 6.67 or London 


Spherically symmet- 
ric electron charge 
cloud of a He atom. 
The atom is non-polar 
because the centre of 
POSitive and negative 
charges coincide 


аа AUN 


Fig. 6.66 The fluctuating 


© 


Instantaneous posi- 
tion of the two elec- 
trons in a He atom 
causing a temporarily 
polar atom. Centres 
of positive and nega- 
tive charge do not 
coincide 


e 


© 


8 


A different type of in- 
Stantaneous position 
ofthe two electrons in 
a He atom, causing a 
Separate temporary 
polarity 


dipole in a helium atom. The helium atom is 
non-polar, its dipole moment is zero 


Fig. 6.67 Instanta 
or London dispersio, 
appears, itinducesa 


neus dipole- instantaneous i, 
n forces : As the instan 
dipole in atomB 


t Ar (Il) 


316 


\ АТ ATOMS 
induced dipole interactions 
taneous dipole in atom A 
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dispersion force. Collectively all these weak forces are called van der 
Waal s forces. 

Phosphorus exists in a number of allotropic forms. The most 
common variety is yellow (or white) phosphorus. Phosphorus (solid at 
room temperature) exists as discrete molecule, P,. Its tetratomic (P,) 
molecule is with each P atom at the corner of a regular tetrahedron 
(Unit 12), The tetrahedra are held together by van der Waal s forces. 

Rhombic sulphur (most common variety and solid at room tem- 
perature) consists of puckered eight membered rings (S,) ; each atom 
being covalently bound to two others. The discrete S, molecule is 
weakly bonded in lattices by van der Waals forces (Unit 13). In an- 
other variety of sulphur, i.e., plastic sulphur, atoms are arranged in 
spiral chains, the chains being held parallel to each other by van der 
Waal's forces. This is an amorphous solid derived from a supercooled 
liquid. r 


RED PHOSPHORUS 
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In molecular chlorine, orthorhombic diatomic molecules are 
joined by weak intermolecular forces. The solid is easily vapourized, 
indicating weak intermolecular forces. 

In solid inert Баѕеѕ, atoms are held by weak interatomic forces. 
Argon is known as individual atom, 

Van der Waals forces are responsible for the condensation of 
inert gases, and other gases such as hydrogen, oxygen, nitrogen and 
methane, etc. which are devoid of any residual bonding power. In all 
Such cases, liquid and solid clusters are formed through these weak 
forces. Solids so produced have molecules as individual units. Such 
solids are, therefore, called molecular solids. 

6.8.3 Covalent (Atomic) Solids 

In these solids, neighbouring atoms are held by covalent bonds. 
The network of atoms bonded by covalent bonds grow in size in fixed 
directions to form a giant molecule. It is difficult to distinguish indi- 
vidual molecules in such Structures. The units in these giant molecules 
can either he atoms of the same element or atoms of different ele- 
ments with matching electronegativities, Diamond germanium, carbo- 


Structure of diamond,each carbon atom is covalently bonded to four 
other carbon atoms arranged tetrahedrally (Fig. 6.68). Every carbon 


© FACING CARBON ATOMS 
REAR CARBON AT OMS 


Fig. 6.68 The crystal structure of diamond - Ali C- 


154 pm C bond lengths are 
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atom forms four covalent bonds by sharing electrons with each of its 
four nearest neighbours. Each bond is formed by the overlap of two 
sp? hybrid orbitals located on adjacent atoms. The giant molecular 
structure which results is very strong. Silicon carbide (SiC) and boron 
nitrite (BN), also form crystals with a diamond like structure. 

Silicon has a diamond-like structure. It is fragmentary and not 
continuous due to weak bonds. In this, each Si atom is surrounded 
tetrahedrally by four others. This has extremely high melting and boil- 
ing points. 

Silicon dioxide (silica) also forms a three dimensional structure. 
The Si-O bonds about each silicon atoms are tetrahedrally distributed 
and each oxygen atom is bonded to the other silicon atoms. This struc- 
ture is also associated with quartz and other crystalline form of silica 
(Unit 12). 

Graphite, the other allotrope of carbon, also belongs to this class 
of solids. It has a layered structure. Each carbon atom is covalently 
bonded to three other cafbon atoms in its layer through three coplanar 
sp? hybrid orbitals resulting in a sheet like structure. In a layer, the 
carbon atoms are bonded in a hexagonal network. Layers are held by 
weak van der Waals forces. These forces allow one layer of bonded 
atoms to slide over another layer. The layer structure (Fig. 6.69) ac- 
counts for the properties of graphite. It is lubricant, whereas diamond 
is abrasive. The strong bonds-within the layers are responsible for its 
high melting point. The unhybridized p electrons form a delocalized 
cloud of electrons similar to the metallic bond. This enables graphite 
to conduct electricity and show its shiny appearance. 

6.8.4 Metallic Solids (Metals) 

Over eighty percent elements in the periodic table are metals. 
Metals are solids at ordinary pressures and temperatures except mer- 
cury (m.p. 234K) and gallium (m.p. 302.8K) 

Metallic elements acquire one of the three packings listed below 
in their crystalline forms : 

(i) Body centred cubic packing (b c c) - Na 
(ii) Hexagonal closet packing ( A c p)-Mg 
(iii) Face centred cubic closest packing (fc c.) - Al 

Metallic atoms are distributed in a regular and definite pattern 
which depends on the size and electronic configuratin of the atoms 
constituting the solids. The structural units are positive metal ions 
which are held strongly by the strong electrostatic forces between 
positive metal.ions and mobile valence electrons. Thus, their melting 
and boiling points are moderately high. Metals range from rather soft, 
low density, low melting solids such as Li and Na to hard, dense, high 


melting solids such as tungsten, 
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Co, INTERPLANNAR 
(HEXAGONAL) 9^ "DISTANCE 


335-4 pm 


B- GRAPHITE 
(RHOMBOHEORA,) 


Fig.6.69The graphite structure (hexagonal, ) and (rhombohedral) forms 
of graphite 


or at the most three electrons in its valence shell which can be used 
for binding purposes. Hence, normal covalent bonds cannot hold these 
atoms together as insufficient number of electrons are available. Solid 
lithium has bcc packing, i.e., Li atom is surrounded by eight atoms of 
lithium. The presence of one electron in its valence shell (1s*, 2s!) is 
not capable of binding eight more atoms through electron pair cova- 
lent bonds. Similar type of atoms cannot provide ionic bonding be- 
cause of the lack of difference in electronegativity. Metals are too 
strong to be held together by weak van dar Waal s forces. The concept 
of metallic bond is, therefore, introduced to describe satisfactorily the 
bonding in metals. 

Most metals, because of their low ionization energies, lose one 
or more of their valence electrons and change into positive ions. These 
emitted electrons do not remain localized. They are mobile and bind 
the positively charged ions (called metallic kernels) together by elec- 
trostatic forces. The metal, thus, may be considered as the crystal 
lattice (three dimensional array) of closely packed positive metal ions 
dispersed in a ‘sea’ of very mobile electrons, The electrons move in 
such a fashion that they are at a time near to two or more kernels and 
provide the binding forces required to keep the metal ions in position. 
The lowering of energy is attributed to the attractive interaction be- 
tween the negatively charged electron and the positively charged lat- 
tice. 

This type of 
bonding is called 


metallic bonding. It 
e 59 e- @, is partially electro- 
Ra г. 


static in nature. The 


VALENCE ELECTRONS total number of elec- 
eo trons will be equal 
T EO) to the sum of the 

positive charges in 


METAL ira CORES the metal ions. 
e Properties of 


S. metals have been in- 

е ae (e) cluded in Unit 12. 

Many of these me- 

tallic properties de- 

pend on high mobil- 

Fig. 6.70 simple picture of metallic ity of the decocal- 
bonding (Electron'sea’ model) ized electrons. The 

electrons move more or less freely in an applied electric field towards 

the positively charged side of the conductor causing the electrical con- 
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duction. The conduction of heat is also related to electron flow as 
electrons acquire kinetic energy when one portion of the metal is 
heated. 

Unlike covalent bond, a metallic bond has no directional charac- 
ter. The movement of positive ions with respect to one another with- 
out seriously disturbing the bonding within the metal makes feasible 
the deformation of the metals without fracture. This explains the mal- 
leability and the ductility. Under stress, the metal changes shape as 
layers of atoms slide over each other. On removing the stress. the 
atoms assume their original state. This explains the elasticity, 

- Light striking a metallic surface is absorbed by loosely bonded 
electrons at the surface. These electrons oscillate back and forth and 
emit radiant energy in the form of visible light. This absorption and 
emission by the mobile oscillating electrons imparts a characteristic 
luster to metals. Hence, a smooth or polished metal has a good reflect- 
ing surface. 

The strong electrostatic attractions between the positive ions and 
the sea of electrons that bonds the atoms strongly into the lattice are 
responsible for the high tensile strength of metals (i.e., they resist 
stretching without breaking). 

Some metals are soft (bcp) and soine are hard (efficient packing 
hcp and ccp) and brittle. The softness of alkali metals is explained by 
the relatively small number of electrons per atom available for metal- 
lic bonding in the crystal, so the coulombic attraction forces are mini- 
mum. The relatively low boiling and melting points of these soft met- 
als are consistent with this explaination. 

In the case of hard metals, large number of electrons per atom 
are involved in the metallic bonding. The coulombic attraction forces 
are much stronger which exert greater restraint on the distortion of the 
crystal structure. 

6.9 HYDROGEN BONDING 

There is a great deal of evidence to indicate that a hydrogen 
atom interacts with two other small, highly electronegative atoms 
which have lone pairs of electrons, such as nitrogen, oxygen and fluo- 
rine to an extent greater than corresponds to normal van der Waal s 
bonding. Such an interaction is called hydrogen bonding, 

This type of bond can be explained in electrostatic terms, When 
hydrogen is covalently bonded to one of the electronegative atoms, F, 
О or N, the bond is polar and a dipole moment is set up. 

The covalently bonded hydrogen atom carrying a fractional 
positive charge in these molecules is capable of attracting the negative 
end of another dipole on the neighbouring molecule, and so on, so that 
the molecules become associated. It has been suggested that this oc- 
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curs by an interaction between the positive end of the dipole and a 
lone pair of electrons on the electronegative atom. This situation in 
HF is shown in Fig. 6.71. The molecule may be described as (HF)n. 
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Fig. 6.71 The structure of solid hydrogen fluoride - resulting from 
hydrogen bonding. 

The hydrogen bonding holds a number of molecules of HF together in 
liquid hydrogen fluoride. The hydrogen bond is usually represented by 
a dotted line. 

Hydrogen bonding is different from dipole-dipole interactions 
seen in other polar molecules. A hydrogen atom has no inner, non- 
bonding electrons to set up forces of repulsion with the non-bonding 
electrons of the other atom. The strength of the hydrogen bond is in 
the range 25 - 35 kJ moi-'. It is much stronger than the van der 
Waal s/ for ce(about ten times) but weaker(about 1/10 to 1/20) than the 
average covalent bond. It has a great significance in accounting for 
the properties of various substances. 

The simple evidence for the existence of hydrogen bonding 
comes from comparisons of melting and boiling points in scries of 
hydrides (Fig. 6.72). ` 

It can be seen from the Fig 6.72 that the melting and boiling 
points of the hydrides of group 14 increase as the relative molecular 
mass increases (van der Waal's attraction increases with an increasing 
number of electrons), However, the lowest molecular mass hydride in 
each of the groups 15, 16 and 17 has abnormally high melting and 
boiling points. This shows that some extra intermolecular attraction 
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Fig. 6.72 Melting and boiling 
noble gases. 
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points of the molecular hydrides and the 
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must be involved in these substances. A similar pattern can be seen in 
the enthalpies of vapourisation of the liquid hydrides (Fig. 6.73). The 
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Fig. 6.73 Enthalpies of vapourisations of molecular hydrides and noble 
gasesattheir boiling points ] 
abnormally high melting and boiling points and high enthalpies of 
vapourisation of the first member in each of the groups 15, 16 and 17 
(i.e., NH,, H,O, and HF) arise because the energy is required to break 
the intermolecular forces. Since fluorine, oxygen and nitrogen are the 
most electronegative of the elements in their corresponding groups,the 
inter-molecular forces are thought to be hydrogen bonds. Nitrogen and 
oxygen atoms in these molecules do not pull electrons as strongly as 
fluorine, but they are electronegative enough to enable the formation 
of hydrogen bonds. 

Water is the most familiar substance which exhibits hydrogen 
bonding. It is extensively hydrogen bonded. No free H,O molecules is 
likely to be in the liquid state. Each: water molecule is hydrogen 
bonded to four other water molecules (Fig. 6.74). Ice is hydrogen 
bonded crystal. 
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Hydrogen bonding between water 


БУ А molecules explains the structure and 
ie low density of ice and the expansion of 
a N Сой water below 4°C (277 К) apart from the 
Р Hy H exceptionally high boiling and melting 
S^ points of water. 
SORS The structure of chemical com- 
S: А н, pounds is also affected by hydrogen 
`% `^- bonding. Acetic acid and many dibasic 
we N organic acids exist in liquid phase as 
ү GN dimers (Fig.6.75) due to hydrogen 
М bonding. Some compounds can form 


Fig. 6.74 Hy drogen bon ding intramolecular hydrogen bonds between 


two groups in the same molecule 
between water molecules ue à 


(Fig.6.76). 
Hydrogen bond- 
©----H—o ing is responsible for 
VA Сс — cH, the solubilities of some 
нус OR 2 * compounds of nitrogen, 


о—н-----о oxygen and fluorine in 


water (or protic sol- 

Fig. 6.75 Intermolecular hydrogen bonding еу Alcohol dis- 

б К Н solves in water as mole- 
in acetic acid. 

cules of ethanol can 

displace water mol- 

ecules in as ocia- 


AM, add 
e Ї Ї tion, New hydrogen 
C—H V=0 bonds are formed 
Of or between molecules 
of water and etha- 
nol. 
(a) (b) 


Hydrogen 


| bonding has а vital 
Fig. 6.76 Intramolecular hydrogen bonding in role io aay ihe 


(а) salicyladelyde and (b) nitrophenol structure of some 
biological materials such as proteins and nucleic acids (Unit 19), 


н. | H 
E нр H—O ind tee но 
: b vss id 


Я H 
Without hydrogen bonds the proteins would lose most of their impor- 
tant structural and physiological properties. 

Since proteins occur in a wide variety of biological materials, 
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(e.g., muscle, hair. enzymes, etc.) we are, thus, dependent on ше hy- 
drogen bonds in living systems. 
Hydrogen bonding contributes towards the strength of nylon 
The chains are held toeether through hydrogen bonds. 
м (CH) i— C — NH ——Á(CH3. «+ 


o 
2 аро BOND 


н 
Ел © — NCH ee 


| Nylon - 6 
Nylon and polythene have very different textile strengths. Poly- 
thene has no hydrogen bonding. 
6.10 RESONANCE 
It often happens that a single satisfactory Lewis structure tor a 
molecule or ion cannot be portrayed. For example, two Lewis struc- 
tures that obey the octet rule can be drawn for sulphur dioxide. 
In these two structures each 
S S atom fulfils the octet rule. They 
у» „жш. з (ie differ in the arrangement of elec- 
Г РА trons. In both, one oxygen atom is 
attached through a single bond to 
А 5 sulphur atom while 
JN 4> 7 * е other oxygen atom is joined 
о о о © ' through a double bond. It means 
that the two bonds are different. 
(a) (b) But all experimental evidence 
show that both the linkages be- 
tween $ and О are identical and have properties that lie somewhere 
between those expected for single and double bonds. Thus, we are 
forced to conclude that neither of the Lewis structures for SO, is 


satisfactory. ; 
To explain such type of structures, the concept of resonance is 


introduced. The actual molecule is visualized as some intermediate or 
resonance hybrid of the two structures, (a) and (b)(called resonance 
structures or canonical forms). The sign <———> represents the reso- 
nance between the two resonance structures. Some species cannot be 
adequately described with two resonance structures. SO, molecule re- 
quires three structures. 

The concept of resonance is very helpful in describing the struc- 
tures of unsaturated compounds in organic chemistry. Resonance 
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structures have no physical reality. It is difficult to prepare them. 
These are only imaginary structures. Some more examples of reso- 
nance structures are illustrated below (Fig. 6.77). 

Thus, resonance is a way of describing the structures of mole- 
cules that cannot be adequately represented by a single Lewis struc- 
ture because the electrons are not localized as shown in a Lewis struc- 
ture. Such a molecule may be portrayed by a combination of two or 
more Lewis structures called resonance structures. 
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(i) Structure of ozone, О. 
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(ii) ЖЫШ carbonate топ СО; 


тс 
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(iii) Structure of sulphate ion, SO^^ 
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(iv) STRUCTURE OF BENZENE C,H, 


Fig.6.77 Resonance structures of (i) O,, (й) co; (iii) SO, ,and 
(iv) CH, 


SELF ASSESSMENT QUESTIONS 


MULTIPLE CHOICE QUESTIONS 


6.1 
(i) 


(ii) 


(iii) 


(iv) 


(у) 


Put a tick (v) mark against the suitable choice. 

Two atoms A and B with electronic configuration 2, 8, 8, 2 and 2, 8, 7 respectively 

form a molecule. What will be the formula of the molecule? 

(a) AB (b) AB, (c) A,B (d) BA. 

Which of the followings illustrate. the bonding in O,? 

(a) Two electrons are shared, (b) Four electrons are shared (c) Electron is trans- 
ferred, (d) Electrons are not shared. 

A cation is formed, 

(a) by sharing a pair of electron, (b) by donating an electron (c) by accepting an 
electron (d) by accepting a proton. 

Electrovalent compounds conduct electricity when dissolved in water because, 

(а) their ions are free in solution (b) their ions form aggregates in solution, 
(c) the crystal structure persists (d) electrons are supplied by water. 

Resonance structures of a molecule should have, (IIT 1984) 

(a) identical arrangement of atoms (b) nearly the same energy comtent, (c) the 
same number of paired electrons (4) identical bonding 


329 


(vi) 


(vii) 


(viii) 
(ix) 
(x) 
(xi) 
(xii) 


(xiii) 


(xiv) 
(xy) 
(xvi) 


(xvii) 


(xviii) 


(xix) 


On hybridization of one s and p orbitals we get, 1 (IT 1984) 

(a) two mutually perpendicular orbitals (b) two orbitals at 150° (c) four orbitals 
directed tetrahedrally (d) three orbitals in a plane. 

The bond between two identical non-metal atoms has a pair of electrons 

(a) unequally shared between the two (b) transferred fully from one atom to 
another (c) with identical spins (d) equally shared between ‘hem. 


The hydrogen bond is the strongest in (IIT 1986) 
(a) O—H...S(b)S—H...O(c)F—H...F (d) F — H ... O 
The hybridization of sulphur dioxide is (IIT 1986) 


(а) ѕр, (b) sp’, (c) sp? (d) dsp? ; 

The electronegativity of the following elements increases in the order (IIT 1987) 
(а) C,N, Si, P (b) Si, P, C, N (c) №, Si, C, P (d) P, Si, N, C am 

The species in which the central atom uses sp? hybrid orbitals in the bonding is 


(а) РН, (b) NH, (c) CH*, (d) SbH, [111989 
The molecule that has linear structure is (IIT 1988) 
(a) СО, (b) NO, (c) SO, (d) SiO, 
The boiling point of NH, (240 K) is higher than the boiling point of PH, (85.3 К` 
because 
(a) the molecular weight of NH, is less than that of PH, 
(b) London dispersion forces are stronger for NH, than for PH, 
(c) the vapour pressure of NH, is greater than the vapour presssure of PH, 
(d) NH, is hydrogen bonded, but PH, is not (е) NH, is polar, but PH, is not. 
Pi (Л) bonding occurs in each of the followings except 
(a) CO, (b) C,H, (c) С,Н, (d) CH, - 
The geometrical structure of NH, molecule is (a) square planar (b) trigonal 
bipyramid (c) tetrahedral (d) trigonal pyramidal (e) trigonal planar 
Which of the following compounds has the zero dipole moments ? 
(a) СН, (b) NH, (с) NF, (d) CH, CI 7 
In which of the following compounds do the bonds have the largest percentage of 
ionic character ? 
(а) NO, (b) H,0 (c) HF (d) CO, 
In which of the following compounds does every atom has eight electrons in 
its valence shells ? 
(а) CH, (b) SF, (c) PCI, (d) BF, 
Which of the following hydrides has the largest bond angle Hin ? 
(a) H,O (b) H,S (c) H,Se (d) H,Te 
Indicate if the following statements are true or false by writing T or F. 
The H—N—H bond angle in NH, is greater than the № Y CH bond angle in As 


H, 

All molecules with polar bonds have dipole moment. (IIT 1984) 
Graphite is a better lubricant on the moon than on the earth. 

sp? hybrid orbitals have equal s and p character. (IT 1987) 


The reactivity of an atom is determined by its electronic configuratin. 

Ionic compounds are formed by the transfer of electrons, whereas covalent com- 
pounds are formed by the sharing of electrons. 

The shared pair of electrons is always shared equally in a covalent compound. 


Octet rule is always helpful in explaining the structures of various molecules. 
Hydrogen chloride is a polar molecule. 


The bond angles in CH, and SiH, are equal. 
The strength of the е bond and Jt bond is always equal. 
Oxygen is both diagmagnetic and paramagnetic in nature. 


There is a large build up of electron density between the atoms which bonds them 
together. 


For water, ammonia and methane, the bond angle is 109°, 
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Both NCI, and BCI, have same number of covalent bonds but they adopt different 
geometry. 

Fill in the blanks with the most appropriate words. 

кути compounds are formed by complete transfer of ...... 

In a НСІ molecule, the shared pair of electrons is .... 

shared, hence................ develops in the molecule. 

Mutual sharing of electrons between two atoms gives rise to ..... bond. 

A bond in which one atom donates both electrons of the shared pair is called a ....... 
covalent bond. 

HF is more polar than НСІ, so it should have ..... melting and boiling points than 


HCI 

In carbon one s and three p orbitals mix to form four .... and ......... bonding orbitals. 
The polarity of a covalent bond can be measured by determining the ....... 

The true structure of a molecule exhibiting ...... is a ....... to which Lewis structures 
constitute. 


The electrostatic attractions and repulsions in ionic crystals result in ..... of the 
solid. 

The dipole-dipole attractions including ...... are the ........ 

Match the following choosing one item from column X and the appropriate 
item from Column Y. 
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Column X Column Y 

Malleability (i) Percentage ionic character 

Dipole moment (ii) Non-polar 

Water (iii) sp? hybridization 

Symmetric molecules (iv) Side to side overlapping of orbitals 
Graphite (v) Hydrogen bond 

Sigma bonds (vi) p orbitals 

Pi bonds (vii) End to end overlapping of orbitals 
Molten state (viii) Emission of radiations 
Directional in nature (ix) Conducts electricity 

Metals (x) Metals 

A high melting network solid (xi) Solid argon 

Nonconducting solid which in its mol- (xii) CsCl crystal 


ten state behaves as a good conductor 
A solid which has high electrical 
and thermal conductivity 


Germanium metal 


(xiii) 


A low melting solid held together (xiv) Lithium metal 
by vander Waal s forces 
A solid in which hydrogen (xv) Ice 


bonding exists 


SHORT ANSWER QUESTIONS 


(a) What type of bonding would you expect in the following sets when two atoms, 
A and B with the given electronic structures combine with each other ? 

(0 A22,8,1 Bz2,7 

(i) A=2, 8, 8,2 B=2,6 

(iii) A = 2, 8,7 B=2,8,7 

(b) In forming a compound XY, atoms of X lose one electron each while the atoms 
of Y acquire one electron each. Predict the nature of the compound and give its 
two properties. 

(c) Assume that one electron has been removed from each of the atoms, Li, Ма, К 
to form Li*, Na* and K* and that one electron has been added to F and Cl atoms to 
form F-and Cl-. Give the electronic configuration for all these ions. Mention the 


noble gases which can represent these electronic configurations. 
(d) Which electrons take part in bond formation ? 
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(e) Which of the following pairs do you expect to be a polar molecule ? 

(i) CCI, or HCI .... (ii) CO or CO, 

(f) Choose the ionic compounds of the following compounds ? 

(i) Cl, (ii) MgCl, (iii) AIF, (iv) NH, (v) CO, (vi) CH, (vii) MgO, (viii) CaCl,. 
(g) (i) If X and Y have the following electronic configurations, how many atoms of 
the element X will combine with one atom of Y ? 

X287 y224 

(ii) Give the Lewis structure of the compound 

(iii) What would be the nature of the bond formed between X and Y? 

(iv) Name the compound 

(h) Write briefly answers of the followings 

1. Graphite is a conductor but diamond is not 

2. Diamond is the hardest substance known 

3. An oxygen molecule is paramagnetic 

4. Water is a liquid at ordinary temperature whereas H.S is a gas. 

(i)Draw Lewis structures for the following molecules and ions. 

F, PH,  H,S, F,0. К", Br, SiF, 

(j)Three elements are represented by the following Lewis symbos. 


Кер 215 and : M: 


(i) Assign the appropriate group in the periodic table 


(ii) Which elements are likely to form ions? Give the charges carried by ions. 
(iii) Give the correct formulae and electron dot structures of the covalent сот- 
pounds formed between (a) K and L, and (b) K and M. 1 
6.6 (i) Identify the atoms in each of the listed compounds/ions which do not fol- 
low the octet rule, 
SO,, PC, BF, ‚РС, H,S, SF,, SF,, BeF,, SC, СО). 

(ii) Predict the shapes of the following molecules/ions on the basis of VSEPR 
theory. ak 2— 
BeCl,, SiF,, AsF,, H,Se, HgCl,, BF, , SE, CIF,, SO,, SO,, SO, 

(ii) Sulphur dioxide has dipole moment. What will be the shape of the mole- 
cule ? Give reasons for your answer. 

(iv) Predict the dipole moment of 
(a) Molecule of the type of AX, with square planar arrangement of X 
atoms 
(b) A molecule of the type AX, with a trigonal bipyramidal arrangement of 
atoms. 

(c) A molecule of the type AX, with an octahedral shape. 
(4) AX, E, molecule with three sets of lone pairs of electrons (Е,). 
(е) АХ, E, molecule with 2 sets of lone pair of electrons (Е.). 

(v) A crystalline solid dissolves in CS, and is insoluble in water. It does not 
conduct electricity. It melts at 368K. The melt also does not conduct elec- 
tricity. Its viscosity is comparable to that of water. Name the compounds 
which possess all these properties 

TERMINAL QUESTIONS 
6.1 Illustrate the inadequacy of octet rule. : 
62 — What shapes are associated with the following hybridizations? Sp, sp? and sp’. 
Give two examples of each. What angles exist between the orbitals ? 
6.3 row is a covalent bond formed? Give the dot formulae for, O,, CO, С,Н„ BF, and 
З 
6.4 


6.5 


* а bond not formed between two Не atoms? 


Explain the formation of covalent bond between two hydrogen atoms. Why is such 


Explain the following terms 


GO POR RE: : (i) sigma bond, (ii) pi bond, (iii) hybridization, and 
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6.6 
6.7 
6.8 


6.9 


6.12 


6.17 


6.19 


6.20 


6.21 
6.22 


6.23 


6.24 


6.1 


6.2 


Give suitable examples of sigma bond formation which involve, (i) s-s overlap- 
ping, (ii) s-p overlapping, and (iii) p-p overlapping. 
What is meant by hybridization of atomic orbitals ? How does it explain the shapes 
of molecules? Illustrate your answer with suitable examples. 
What is VSEPR theory ? How does it explain the bond angles observed with CH,, 
NH, and H,0? 
What happens to energy if a chemical bond is to form between two atoms as they 
approach each other? Illustrate. 
Discuss the valence bond theory for the formation of hydrogen molecule 
(a) List the various characteristics of ionic and covalent compounds. 
(b) Which of the many electrons are involved in the bond formation? Expiain. 
(a) Differentiate between electrovalency and covalency. 
(b) Explain the formation of cations and anions in electrovalent compounds. 
(a) Indicate the nature of bonding in the following compunds : 
MgO, CaS, NaBr, CHCI,, CCI, НСІ, ICI, H,O and NaOH. Also list the polar 
compounds. 
(b) Draw Lewis structures for the following compounds: MgCl, NH,, CaO, 
CHCI, H,SO, NaCl. 
Describe the changes in molecular shape that take place after the completion of the 
following reactions : 
(a) BF, + F ——»BF, (b) C,H, + Н, > CH, 
(c) PCI, + Cl- ——» PCI, (d) 2BrF, + ——> BrF, + BrF; 
(a) Why are some covalent bonds polar? What is a dipole? 
(b) How сап a molecule that has polar bonds be a nonpolar molecule ? 
Which of the followings are polar molecules/ions? Give reasons for your answer. 
SO, SO, SF, ICL, FLS, NH, 
(a) Explain why NF, has a dipole moment and BF, does not. 
(b) Explain why NH, is more polar than NF,? 
How does the metallic bond explain the lustrous property, thermal conductivity 
and electrical conductivity of metals? 
(a) Why is it necessary to suggest use of hybrid orbitals in explaining the structure 
of CH,? 
(b) Which of the following solids are molecular solids and which are network 
solids? 
C, S, (BN),, Ar, CsCl, MgO, P,O, Ice, L 
Explain the difference in electrical conductivity exhibited by metals, ionic solids, 
molecular solids, and covalent solids. 
List the properties of a substance that will be influenced by the existence of bonds. 
What is a hydrogen bond ? How can we account for the unusually high boiling 
points for H,O, NH, and HF? 
(a) State the reasons for postulating the existence of hydrogen bonds 
(b) Explain the importance of hydrogen bond in one's every day life. 
(a) Define briefly each of the followings 
(i) Dipole - dipole attraction (ii) Instantaneous dipole- instantaneous induced di- 
pole attraction, and (iii) Lattice 
(b) Explain the differences between liquids and solids in terms of atomic aggre- 
gates and freedom of motion of their particles. 
(c) What are types of crystals? Give two examples of each type. 
ANSWERS TO SELF ASSESSMENT QUESTIONS 
(i) b Gi) (b), (ii) (b), Gv) (а), (v) (а), (b), (c) (vi) (Ы) (vii) d, (viii) (d) (ix) (b), (х) 
(b) (xi) (c) (xii) (а) (xiii) (d), (xiv) (d) (xv) (d) (xvi) (а) (xvii) (b), (xviii) (a), (xix) 


(2) 
1. T, 2. F, 3. T, 4. F, 5. T, 6. T, 7. F, 8. F, 9. T, 10. T, 11. F, 12. F, 13. T 14. F, 15. T. 
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6.3 


6.4 


6.5 


1. ionic, electrons 2, not equally, polarity 3. covalent 4. coordinate 5. higher, 


Pension forces if 

1. (x) 2. (i) 3. (v) 4. (ii) 5. (iii) 6. (vii) 7, (iv) 8. (ix) 9: (vi) 10. (viii) 11. (xiii) 12. 
(xii) 13. (xiv) 14. (xi) 15. (xv) ‘ 

(a) (i) Ionic bonding (ii) Ionic bonding (iii) Covalent bonding (b) Compound XY 
is ionic in nature. Its ions are held by strong electrostatic forces of attraction. It is 
soluble in water, 


(c) Lit= 2 Represents He 
Nat = 2,8 Represents Ne 
K*z 2,8,8 Represents Ar 
FE 2,8 - Represents Ne 
Ce 2,8,8 Represents Ar 


(d) Valence electrons Present in the outermost shell. 
(е) (i) HCI (ii) СО 
(f) Tonic compounds : (i) MgCl, (iii) AIF,, (vii) MgO and (viii) CaCl, 
(g) (i) Four atoms of X will unite with one atom of Y, 
^х: 
(ii) EASY ш 


(iii) Covalent bond 
(iv) Carbon tetrachloride 

(h) 1. Graphite has a layer structure in Which each carbon is 5р? hybridized, Elec- 
trons present in the unhybridized orbital are delocalized and conduct electric- 
ity. In diamond, each carbon is sp” hybridized and no mobile or declocalized 
electrons are available, 


2. Because of three dimensional network and strong C - C bonds diamond is the 
hardest 


3. In oxygen molecule, there are two unpaired electrons Which make it paramag- 
netic. 


4. Itis because of hydrogen bonding present in water molecules, 
Ор A P SH HS> н 
aire H ВИ 
+ р 
o> oe 
[ 21 :] za 
= LES 
G) (i) K ingroup ] 
L ingroup 14 
in group 17 
(ii) KandM 
К+ and M- 
(ii) K 
Ketan x 
K 
KM: 


66 (i) Pin PCI; 
(1) S in SE; S in SF; Be in BeF, 


(iii) BeCl — Linear 
SiF,. —  Tetrahedral 


AsF, — Trigonal bipyramid 
ILSe —  V—shape 


НЕСІ, — Lincar 

ВЕС — © Tetrahedral 
SE; — See saw shape 
CIF, —  T—shape 

SO, — Plane Trigonal 


So?— Tetrahedral 
(iii) SO, is a bent molecule. For a linear shape of О = S = О dipole moment is 
zero as the centre of positive charge and negative charge coincides 
(iv) (а) Zero (b) Zero (c) Zero (d) Zero (е) Zero 
(v) Sulphur, S, 
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UNIT 7 


Carbon and its Compounds 


In her answers, Nature never uses italics. It is upto you to distinguish the 


important from the trivial. 


UNIT PREVIEW 


7.1 
72 


73 


74 
7.5 
7.6 


7л 


Introduction 

Elemental carbon 

7.2.1 The uniqueness of carbon 

7.22 Allotropy of carbon 

7.23 Crysulline allotropes 

7.24 Amorphous allotropes 

Inorganic compounds of carbon 

7.3.1 Oxides of carbon 

7.3.2 Halides of carbon X 
7.3.3 Carbides 

Tetravalency of carbon and formation of compounds 
Impact of organic compounds on mankind 
Nomenclature of organic compounds 

7.6.1 Hydrocarbons 

7.6.2 Characteristic groups (functional groups) 
Some common organic compounds and their uses 


LEARNING OBJECTIVES 


At the completion of this unit, you should be able to : 


к iat add aod пе 


Comment on the position of carbon in the periodic table. 

Have the fair knowledge about the occurrence of carbon. . 

Recognize the various allotropic forms of carbon. 

Appreciate the tetravalency of carbon. 1 
Define the following terms : inorganic chemistry, organic chemistry, catenation. 


. hydrocarbon (saturated and unsaturated), alkane, alkane, alkyne, functional group. 


general formula, homologous series, homologue, isomer and structural formula. 
Classify the hydrocarbons. 

Give the commn and IUPAC'names of various organic compounds. 

Write general formulae for the aliphatic hydrocarbons and draw structural formu- | 
lae for simple aliphatic hydrocarbons and their isomers. 

Describe some of the oxides, halides and carbides of carbon. 

Appreciate the impact of organic compounds on mankind. 

Recognize and name the simple alkyl groups. : 
Give examples and illustrations of the various functional groups listed in this unit. 
Give common and IUPAC names of some of the lower memebrs of the homolog- 
ous series of alcohols, aldehydes, carboxylic acids and their functional derivatives, 
etc. 

Describe the harmful effects of drinking alcohol. 


Appreciate the utilizatin of organic compounds. 
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7.4 INTRODUCTION 

Carbon was known asa substance in prehistory(charcoal, soot ) 
though its recognition as an element came much later. Carbon makes 
up only about 0.08 percent of the combined lithosphere, hydrosphere 
and atmosphere and is found in the carth's crust. Oxygen, silicon, alu- 
minium, and iron are much more abundant, but carbon is the basis of 
life on earth. Although living matter is composed almost entirely of 
water and an: enormous variety of carbon compounds - the nutrients, 
the building blocks of plants and animal tissues, carbon is only the 
seventeenth most abundant element. Other carbon compounds like pe- 
troleum and petrochemicals are the primary fuels and the raw materi- 
als for manufacturing plastics and synthetic fibers. 

There are an enormous number of carbon compounds and al- 
most all of them are classified as organic compounds. At one time it 
was believed that the ability to produce carbon compounds rested ex- 
clusively with organic or living matter ; hence,these compounds were 
called organic compounds. Compounds occurring in the nonliving or 
mineral world were called inorganic compounds. The creation of car- 
bon compounds was thought to be directed by a mysterious, “Vital 
force” contained in living matter. Vitalism met with a failure in 1928 
when Friedrich Wohler, a German chemist, synthesized an organic 
compound, urea (a biological waste product present in urine) by heat- 
ing ammonium cyanate, an inorganic compound which is not found in 
living matter. The synthesis of urea showed that the belief that organic 
compounds could be made only in living tissue was incorrect. 

Sinte Wohler's day the definition of organic chemistry has been 
extended to inclüde the study of all carbon compounds, irrespective of 
their origin but with the exception of CO,, carbonates, and a few other 
compounds traditionally regarded as inorganic compounds. 

Organic chemistry is now defined as the chemistry of com- 
pounds of carbon. The chemistry of all the other elements and their 
compounds is called inorganic chemistry. There are more than five 
million known organic compounds (isolated or synthesized) but only 
100,000-200,000 inorganic compounds. Many organic compounds 
have proved useful as medicines, plastics, paints, fibres, fertilizers, 
insecticides, perfumes, etc. In this unit, we will explore the immense 
structural and chemical diversity of carbon compounds. 

72 ELEMENTAL CARBON 

Carbon is a typical non-metal. Its electronic arrangement is 1s?, 
2s?, 2p* with 4 electrons in the valence shell. It is placed in group 14 
of the periodic table. 

Carbon exhibits allotropy, its chief alltropes being diamond and 


graphite. 


337 


Carbon is abundant in nature ana is found in both the free and 
the combined states. It occurs in the earth's crust in the form of cal- 
cium or magnesium carbonate rocks such as calcite, limestone, dolo- 
mite, marble and chalk. In the free state it occurs as diamond and 
graphite in crystalline form, and as coal in amorphous form. In the 
atmosphere, it occurs as carbon dioxide (combined form) (Carbon 
dioxide acts as a reservoir for photosynthesis in plants). It is a major 
constituent of petroleum and natural gas. 

Naturally occurring carbon contains two stable isotopes С 
(98.9% of natural carbon) and “C (~ 1.1%). The atomic mass unit 
(amu) is based on the mass of a" C atom as a standard. A third 
naturally occurring isotope e С is radioactive and decays by emitting 
a high energy electron. jd А 

DOES EN ЕВ 


Beta particle 
(High enrgy electron) 
Radioactive carbon ie is continuously formed by the nuclear 
reactions of neutrons from cosmic Tays with nitrogen atoms in the 
upper atmosphere, 
М + in ——>¥C +ІН 
Proton 
Carbon is one of the most important elements, Its importance for 
the life process is very great as it is found in all living matter and in 
all compounds necessary for life such as carbohydrates, proteins, fats, 
Starches, vitamins, oils, etc. Fossil fuels such as lignite, coal and oil 


which are derived from living matter are all rich in carbon com- 
pounds. 


7.2.1 The Uniqueness of Carbon 
Modern civilization is almost totally dependent on hydrocar- 
bons, which occur in the earth’s crust as natural gas and petroleum. 
There are an enormous number of compounds comprising carbon and 
hydrogen. Why does carbon has this unique ability to form an 
enormous number of compounds? There are three distinct characteris- 
tics of carbon that enable it to form so many stable compounds. 
G) Carbon has a fully shared octet of electrons in its compounds. 
(i) Carbon can form single, double and triple bonds to itself (cate- 
nation) 
(iii) Carbon can form four covalent bonds. 
7.22 Allotropy of Carbon 
The phenomenon of existence of different forms of an element 
is called allotropy. 


Carbon occurs in two allotropic forms, viz., crystalline and 
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amorphous. The crystalline varieties are, 

1. Diamond,and 2. Graphite 
Whereas amorphous varieties are, 

1. Coal, 2. Wood charcoal, 3. Animal charcoal, 4. Sugar 
charcoal, 5. Lamp black or soot, 6. Coke, and 7. Gas car- 
bon. 

Allotropes are forms of the same element differing in the nature 
of their chemical bonds, in their molecular masses or in their crystal 

‘structures. 

7.2.3 Crystalline Alltropes 

1. Diamond : It is one of the hardest natural substances known. 
When pure, it is colourless, has extremely high melting point and does 
‘not conduct heat and electricity. Its specific gravity is 3.52 and refrac- 
tive index is 2.45. 
| The high refractive index of diamonds led to their use as jewell- 
ery in the very earliest civilization. Black diamonds, unsuitable for 
gemstones, are used in glass cutters, and in diamond studded saws. 
‘The modern industrial uses of diamond, almost all, result from its 
hardness — drilling, cutting, grinding and for the bearings in precious 
instruments such as watches. Powdered diamond is used as abrasives 
for smoothening very hard materials. 

Diamond’s hardness, high melting point, transparency and its 
inability to conduct heat and electricity all arise from its crystal struc- 
ture. The carbon in diamond is tetravalent, each atom being covalently 
bonded (sp? hybrid bonds) to four other carbon atoms in such a man- 
ner that the whole crystal is, in fact, one giant molecule (Fig. 6.68) 

In diamond, the interlocking network of covalent bonds in three 
dimensions produces large crystals that are actually single molecules. 
This makes diamond extremely hard and rigid. Diamond has a more 
compact structure than graphite (Fig. 6.69) so that high pressure fa- 
vours its existence and at 2273K and 100,000 atmosphere pressure. It 
is possible to convert graphite to diamond using transition metal cata- 
lysts. The process is used-commercially to produce diamonds of indus- 
trial quality for use in cutting tools and in solid state electronic de- 
vices. 

2. Graphite : Graphite possesses metallic lustre. It is black, soft 


апа high melting substance. It is а good conductor of heat and elec- 
| tricity and has a slippery and greasy feel. It occurs in nature. It can 


also be manufactured artificially by heating coke to about 3273K іп 
an electric furnance. 

The uses of graphite are related to its conducting and lubricating 
qualities. Mixed with desired quantities of wax or Clay, graphite is 
used for making lead pencils. The percentage of added clay deter- 


339 


mines the hardness of the pencil. It is used as a high temperatur 
lubricant, as inert electrodes in various electric furnances and ele 
tolytic processes and as a moderator for slowing down neutrons i 
nuclear reactors. 

In graphite, the carbon atoms are arranged in flat, parallel layer 
(Fig. 6.69, Table 7.1). Within each layer, each carbon atom uses thre 
coplanar sp? hybrid orbitals to bond covalently to three others, result 
ing in a series of interconnecting planar hexagonal rings. The remain 
ing fourth electron is delocálized over the whole layer. This delocali 
zation of electrons imparts to graphite, nature of conducting electricil) 
and shiny appearance. An electron forced into one end of a layer ca 
produce a flow of charge through the electron cloud and can cause at 
electron to release from the other end. It has been experimentally seat 
that the electrical conductivity is very good in a direction parallel t 
the layers, but very poor in a direction perpendicular to the layers. 

In the common variety of graphite (i.e., hexagonal) the layen 
are arranged in the sequence ---- АВАВ ----- with carbon atom if 
alternate layer vertically above each other, whereas in the other form 
of graphite (or rhombohedral) the stacking sequence is ---- АВС- 
ABC... The two forms are interconvertible. 


These layers are loosely joined to one another by bonding. It is 


more like van der Waal's 
the layers can slide over 
as a good lubricant. Gas molecules trapped 


one another easily, 


forces than covalent bonding, Because of this 
and thus, graphite serves 
between the layers also 


TABLE 7.1 Physical and chemical properties of graphite and diamond 


Graphite (black) Diamond. 
1 Colour and Grayish black, Colourless, transparent, 
appearance metallic lustre brilliant 
2. Nature of crystal Hexagonal, soft Tetrahedral, very hard 
| and slippery (hardest natural substance) 
3; Specific gravity 23 3.52 
4. Refractive index - 2.45 
Lv Purity 90.9795 pure Purest form of carbon 
ун (almost 100% pure) 
6. Conductivity Good conductor of Bad conductor of heat and 
heat and electricity electricity 
7. Effect of heat Bums in air at Buens in oxygen at 1173K 
А 973K giving; CO, giving CO, 1 
8. Solubility not dissolve Does not dissolve in ordinary 
in ordinary solvents solvents 
9 Bffect of acids Not attacked ex N 
1 сері ot attacked 
and alkalis by conc. HNO, which 
Nos gives graphitic acid 
10, — Reaction with. Forms CF, with F, Forms CF, with F, at high 
halogens at high temp, 


temperature | 
ЖОО БЭБИ Teg. созу ye NO ERU И UAE 
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help considerably by acting as а molecular “ball bearing ”. 
Note. The contrasting properties of diamond and graphite arise 
from the different types of bonding within their respective crystals. 
The physical and chemical properties of these are summarized 
in Table 7.1 


7.2.4 Amorphous Allotropes 

1. Coal : It is formed in nature as a result of the slow decompo- 
sition of vegetable matter under the influence of heat, pressure and 
limited supply of air. Coal is found in various forms which represent 
the different stages of transformation of vegetable matter. The first 
stage is peat, the carbon content is about 60%. Next stage is the for- 
mation of lignite. It is harder and contains about 67% carbon. Bitumi- 
nous coal contains about 80% carbon. Anthracite is the last stage of 
transformation. It contains upto 90% carbon. 

The chief coal mines in India are Bokaro, Jharia, Raniganj and 
Pench valley. About 98% coal is consumed in the country. Largest 
consumers are the railways, mills and factories. 

2. Wood charcoal : It is obtained by heating wood at a high 
temperature in a limited supply of air. Pieces of wood are arranged in 
the form of a kiln. The buter surface is pasted with mud. The central 
region is kept empty for chimney action. It is fired, a part of the wood 
is burnt and the heat charrs the rest to form wood charcoal. Now-a- 
days wood charcoal is prepared by the destructive distillation of wood 
in big retorts or trolly furnaces. 

Wood charcoal is a soft and porous solid substance with a spe- 
cific gravity of 1.5.It possesses the property of absorbing coloured and 
odouriferous gases. Coconut charcoal at the temperature of liquid air 
is utilized for the separation of rare gases (Dewar's method). 

3. Animal charcoal : It is prepared by the destructive distilla- 
tion of bones. It contains about 90% of calcium phosphate. It absorbs 
colouring matter from liquids. Thus, it is used in sugar industry and in 
the manufacture of organic liquids. It is also used in decolourizing , 
petroleum jelly. 

4. Sugar charcoal : It is obtained by the action of concentrated 
sulphuric acid on cane sugar. 


Conc. H, SO, 
C,,H,,0, ,() > 12s) + 11 Ol 
Cane sugar Sugar charcoal 
It is the purest form of carbon. 


5. Lamp black : It is prepared by burning tar, turpentine oil or 
other vegetable oils in a limited supply of air. It is a soft black pow- 
der. It is used in making printing inks, black paints, Indian ink and 
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boot polishes. 

6. Coke : When coal is destructively distilled in retorts, уар 
аге given out which on Yondensing form coal tar. The residue | 
behind in the retorts is coke. It is a pure form of carbon. It by 
without smoke and is used as a fuel. It is chiefly used as a гейш 
agent in metallurgy and in making fuel gases. 

7. Gas carbon : When coal is destructively distilled in гей 
a black mass deposits on the walls and root of the retorts, Sud 
deposit is called gas carbon. It is a very pure form of carbon ani 
very hard. It is a good conductor of electricity and is used in mali 
electrodes. 

7.3 INORGANIC COMPOUNDS OF CARBON 

Carbon, the first element in group 14, is a typical non-metal, 
is much less reactive than some of the important non-merals suchi 
phosphorus, and halogens. Its reactivity parallels that bf nitrogen à 
sulphur, which are also rather unreactive at ordinary temperatut 
Carbon does, however, react with oxygen, strong oxidizing age 
(HNO,, H,SO,, etc.) тапу metal oxides, many other elements formil 
carbides and compounds at high temperatures. It serves as a very us 
ful reducing agent. Carbonates and bicarbonates, the salts of unstall 


carbonic acid, Н,СО,, decompose on heating to form carbon dioxil 
and water. 


7.3.1 Oxides of Carbon 
All forms of carbon burn to form oxides. Carbon monoxide, © 


and carbon dioxide, CO, are the two important oxides. 
Carbon Monoxide 


Carbon monoxide is form 

in a limited Supply of air. | 
2C(s) + O (g)> 20g) | 
Industrially, carbon monoxide mixed with hydrogen is produced onl 
large ы by passing steam over red hot coke. 
(s) + HO(g) —_» CO(g) + H (g) 
“Ware 


ed by burning carbon or a hydrocarba 


When air is used in place of steam, another industrially im 
tant gas, i.e., producer gas is produced. 


Producer gas, a mixture of carbon monoxide and nitrogen, 
made by passing air through red- 


C(s)+ air —> СО(р) + ^A) 
(N, + 0) Producer gas 
It is poisonous due to the presence of carbon monoxide. It has a 
low heat value because of its high nitrogen content. Pure carbon mon- 
oxide can be produced by dehydrating formic acid with conc. H,SO,. 
- И *HSO,— —F* CO(g) + H,SO,-H,O 


Formic acid 
Properties of carbon monoxide 

Carbon monoxide is а colourless, odourless and tasteless gas. It 
is almost insoluble in water. 
1. Carbon monoxide burns with pale blue flame to form carbon 
dioxide. It means it can undergo further combustion. 

2 CO (g) + О, (g) ——» 2 СО, ш) 
2. It acts as a powerful reducing agent. When it is passed over 
heated copper (II) oxide, the metal is formed along with CO.. 

CuO (5) + CO(g) — Cu (s) + СО (g) 
Other oxides are also reduced to the free metals, ¢.g., 

FeO (s) + CO(g) ——"> Fe (5) + CO, (g) 

Pb,O,(s) + 4CO(g) —® 3Pb (5) + 4CO, (g) 
3. It reduces steam at high temperature giving a mixture of CO, 
and H.. 

CO (g) + H,O (g) —> СО, (9 + Н, (g) 

4. Carbon monoxide is used аза starting material for the synthesis 
of many industrially organic substances, 6,8: 


cog)» ai, o) Se > ко | 
osgene 
Heat 
сазо соус 
HCHO()'« Н, (g) a aay 
е! lo 
H 
CO(g) + 3H, (p 2 > oq) + CH, (0) 
Catalyst 


Carbon monoxide is poisonous because of its ability to bond 
strongly to the iron present in the oxygen — carrier protein, haemo- 
globin in red blood corpuscles, thus, preventing the blood to carry 


oxygen. 
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Carbon Dioxide 


Some coastal cities and a dramatic change in climates. 
Preparation of carbon dioxide 

Carbon dioxide is Prepared in the laboratory by the action of 
dilute hydrochloric acid on marble chips (contains CaCO,) or any 
other carbonate and bicorbonate. 

It is produced commercially as a by-product in : 
а) the production of quick lime. 


Сабо) - Ны оуу CO,(g) 
(b) the fermentation of Sugar or starch for production of ethyl alcohol. 


PIR AUi ЕА ац CHOH (5) + 2CO,(g) 
(o) 


Glucose Ethan 


Photosynthesis in plants involves the conversion of CO, and wa- 
ter vapours to carbohydrates, 
6CO,(g) + 6H,O(g) У СЕНО (6) + 60,(g) 
Preparation of carbon dioxide 

Carbon dioxide is а linear and non-polar molecule (Unit 6). Car- 
bon dioxide is a colourless, odourless gds. It is heavier than air. It is 
Not poisonous in nature, but still it does Not support life in animals and 
human beings, It Stimulates the respiratory centres and is, thus em- 
ployed with oxygen for revival in Cases о 
ing. It is moderately soluble in water giving a weakly acid solution. 

CO QU + HOC} so H,CO,(1) 


3 


TECON + HO()— 5» noti) « HCO; Yaq) 


——— Á—RÁ 


Carbonic acid is a weak dibasic acid which forms two sets of 
salts, the hydrogen carbonate, HCO, and carbonates СОЗ In solu- 
tion, alkali metal carbonates and bicarbonates behave alkaline due to 
hydrolysis. 

СО EELO- ат жон + HCO; 

НСО HO: —— ———» OH * HCO, 

2.  Itreacts with the solutions of alkalis 

CO,(g) + 2NaOH (aq)  — ——7Na,CO,(aq) + H,O(1) 

When CO, is bubbled through the solution of alkalis, sodium 
carbonate is formed, but continued supply of gas produces the bicar- 
bonate. 

Na,CO,(aq) + H,O(1) + CO,(g) ————> 2NaHCO, (aq) 

3. On passing CO, through lime water, it turns milky due to the 
formation of insoluble CaCO,. 

Ca(OH), (ад) + CO,(g) ———> CaCO, (s) + Н,0(1) 

More of carbon dioxide converts CaCO, into soluble bicarbonate 
salt. 

CaCO,(s) + CO,(g) + H,O(s) ——> Ca(HCO,), (aq) 

Soluble bicarbonates of calcium and magnesium impart tempo- 
rary hardness to water. Of the common carbonates only those of so- 
dium, potassium and ammonium are soluble in water. All bicarbonates 
are soluble in water. 

Carbonate ion is symmetrical and trigonal planar and is shown 
by three resonance forms. Carbon is sp? hybridized. 

о 


d 
cA <> C YJ 
ac У р dA xo- 


Many carbonates like Na,CO,.10H,O (washing soda) K,CO,, 
CaCO, and NaHCO, (baking soda) are industrially and commercially 
useful chemicals. Their chemistry will be discussed in Unit 14. 
| Carbon dioxide is well known in its solid form as dry ice. It is 
obtained by cooling CO, under pressure. Above 195K, it sublimes 
without liquefying (hencesdry ice). Solid CO, is used as a refrigerant 
in food industry. Pop singers sometimes like to enhance their perform- 
ance by taking lumps of dry ice. As it sublimes, it cools the moist air 
and swirling clouds of water droplets form. Carbon dioxide gas is used 
in controlling the fire. Fire extinguishers work on the utilization of it. 

Some of the physical properties of carbon monoxide and carbon 


dioxide are listed in Table 7.2. 
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TABLE 7.2 : Some physical properties of CO and co, 


er 


Property co co, 
эе SS See SOREL: ВЕГАС EE ee 
M.P.(K) 68 216. 4 (52 atm) 
B.P.(K) 81.5 194..5 (sublimes) 
Hf (kJ то!) —110.5 —393.5 
Density (g/cm?) at 298 K 1.250 1.977 
Bond length, C—O (pm) 112.8 116.3 


——————————————9À 


7.3.2 Halides Of Carbon 
All the four possible halides of carbon are known (CF,,CCI,, 
CBr, and СЇ,). Their physical properties are listed in Table 7.3. 


TABLE 7.3 : Properties of halides of carbon 
RET TOIT А Марав E RE УНИЛЕ: 


Property CF, CCl, CBr, CI 


4 “4 
et AS 
Melting point (К) 884 250.7 366.7 444 
Boiling point (К) 145 349.4 decomposes decomposes 
Bond energy 
С—Х (kJ mol) 515 295 235 — 

Density (g/cm?) 1.96 1.594 2.961 432 
Properties Stable gas Stable colourless Yellow solid, Red solid, 
liquid decomposes decomposes 
on heating readily by 
heat or light 


ее E ш a SY MEISTEN le 


All carbon tetrahalides are prepared by prolonged halogenation 
of hydrocarbons. Carbon tetrachloride is an important solvent. It is 
prepared by passing chlorine gas through hot carbon disulphide in the 
Presence of antimony pentachloride or aluminium chloride catalyst. 

CS) + 3CL so СС, + S,Cl, 


The disulphur dichloride is separated by fractional distillation. 
Stability of the tetrahalides decreases from CF, to CI, 
Fluorocarbons 
й Controlled reactions of fluorine diluted with argon or nitrogen 
with hydrocarbons in the presence of copper fluoride give an interest- 
ing series of compounds. These fluorides of carbon are called fluro- 
carbons. They can also be conveniently prepared by passing hydrocar- 
bons over cobaltic fluoride at 423-473K. Mixed chloro-fluoro-com- 
pounds (chloro compounds) can also be prepared by reaction between 
ССІ, and SbF,. 
Fluorocarbons are inert, stable and inflammable. They are used as 
lubricants, refrigerants, freezers, hydraulic liquids, plastics and insecti- 
cides, paints and also as Propellant gases in pressurized spray cans fot 
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hair sprays. Teflon, a fluorocarbon polymer, is very tough, high melt- 
ing and chemically inert plastic material. It is used in making grease- 
less cook-ware, bearings and valves which require no lubrication and 
containers for corrosive chemicals. The mixed chloro-fluoro-com- 
pounds are known as 'Freons'. Freon-12 (CC1,F,) is widely used as а 
refrigerant (volatile, non-toxic and non-corrosive). CCLF is used as an 
insectiside. 

7.3.3 Carbides 

Binary compounds of carbon with elements which are mor 
electropositive than carbon or whose electronegativity is less 
carbon (i.e. less than 2.5) are termed carbides. There are three main| 
types : (a) salt-like, (b) interstitial, and (c) covalent. Carbides 
generally prepared by the direct union of the elements, by heating a 
oxide with carbon or by heating a métal in the vapours of a һуйгосаг. 
bon. 

Salt-like or ionic carbides : These carbides usually contain the io 
Ci- and they are formed by the alkali and alkaline earth metals and 
also by certain low electropositive metals such as Zn and Be. On 
hydrolysis, they yield acetylene. 

CaC,(s) + 2H,O(1) ———> Ca(OH),(s) + C,H, (g) 

Calcium cyanamide finds its use as fertilizer. It is obtain 
when CaC, reacts with nitrogen. There are some carbides which con 
tain С“. Beryllium carbide Ве,С and aluminium carbide ALC, belon 
to this class of carbides. They yield methane on hydrolysis. 
Interstitial carbides : These carbides are formed by transition metals 
the carbon atoms occupying octahedral sites in the metal lattice. The 
are very hard and brittle, e.g., tungsten carbide, (WC). This type in 
cludes, TiC, ZrC, MoC, etc. These carbides are not attacked by wate 
or dilute acids, have.high melting points (3300—3800K), are ex 
tremely hard,lustrous and good electrical conductors. There is anothe 
type of carbides which are also covered under this category. This clas: 
arises when the cavities in the metallic lattice are not large enough 
hold a carbon atom. The carbon atoms, in the form of chains, 
through a very distorted metallic lattice. Carbides of these typ 
hydrolyze to give a variety of hydrocarbons. 

Covalent carbides : The carbides of certain non — metals acquire a n 
work of covalent bonds and become giant molecules 
Carborundum(SiC) and boron carbide(B,C,) belong to this class. Bo 
are hard, infusible and inert. Carborundum is an infinite three dimen 
sionally array of four coordinated silicon and carbon. It is used as 
abrasive. Boron carbide involves icbsahedral B,, units linked by lin 


C, chains. 
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74 TETRACOVALENCY OF CARBON AND FORMATION 

OF COMPOUNDS 

Carbon is the first memeber of group 14 of the periodic table. 
All the group 14 elements have four electrons in the valence shell. 
Among these carbon is the lightest and unique. 

It is difficult for carbon either to lose valence electrons or gain 
electrons in the valence shell and form ions. This is because it would 
need a large amount of energy. Carbon, therefore, invariably form 
covalent bonds by sharing its four valence electrons with itself or with 
other elements. Thus, carbon forms componds with four covalent 
bonds. Carbon can form these bonds according to any one of the com- 
binations shown in Table 7.4. A long dash (—) indicates a bond con- 
sisting of a shared pair of electrons, one from the carbon atom and 
second from another atom. Carbon, with its four outer electrons and 
shared electrons from each of the four bonds in a compound has a 
complete outer level of eight electrons (octet). Thus, carbon has a 
covalency of four, i.e., it is tetravalent in nature. 

TABLE 7.4 The possible bonding arrangement of a carbon atom 


Arrangement Description Total number 
of bonds 
| 
E Es 4 single bonds 4 
ei: m 2 single bonds 4 
1 double bond 
SO 2 double bonds 4 
—с= 1 single bond 4 


SS eh eee triple bond “Sed ЫЛ ШНА ЧА ЖН 

Further on the basis of qualitative and quantitative analysis of 
several organic compounds, Lavoiser established that carbon along 
with a few other elements is contained in all the organic compounds. 
His work was supported by Kolbe, Kekule and Berthlot. Their pains- 
taking work led them to conclude that organic compounds could gen- 
erally contain oxygen, nitrogen, sulphur, and halogens along with car- 
bon and hydrogen. 

Carbon forms several million different compounds. This number 
is greater than the number of compounds formed by any other ele- 
ment. One-reason for the large number of organic compounds is that 
carbon atom has a unique tendency to form long chains of carbon 
atoms (Section 7.2.1). This tendency to form bonds with itself leads to 
the formation of compounds that consists of two types of chains. 
These are (i) open chains, and (ii) closed chains or ring type chains. 
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Bond energy data (Table 7.5) show that carbon-carbon bonds are 
stronger than bonds between like atoms formed by the other memebers 
of the group. Carbon has a unique tendency to form long chains of 
carbon atoms (catenation). Numerous carbon compounds are known in 
which two or more carbon atoms are covalently bound together. Mole- 
cules with chains of upto six silicon atoms have been made, catenation 
almost disappears with the remaining elements. Silicon forms much 
stronger bonds with fluorine, oxygen and chlorine than with itself or 
hydrogen (Table 7.5) and in contrast to the hydrocarbons, the silicon 
compounds which contain Si-Si or Si-H bonds are generally very 
reactive, e.g., hydrides of silicon. silanes. 


TABLE 7.5 Bond energies involving group 14 elements 
Bond Energy Bond Energy Bond -Energy 
(kJ mol—') (kJ mol?) (kJ mol?) 

C—C 356 
C=C 608 Si- Si 226 Ge—Ge 188 
C=C 820 
C—H 414 Si-H 318 Sn—Sn 150 
C—O 360 Si-O 464 

Р 489 Si-F 598 


The following typical conclusions may be drawn from the en- 
rgy values given in the Table 7.5 


the high bond energy of H bond agrees with the unreactivity 
of the hydrocarbons. 

the very high bond energy of the C-F bonds accounts the inert- 
ness of the fluorocarbons. 

the high bond energy of Si-O bond explains the abundance of 
compounds containing S-O bonds (silica and silicates) in nature. 

. the increase іп bond order results in increase in bond strength, 

and therefore, increase in bond energy. 

. Тһе strength of С-Н and C-C bonds and the ability of C to form 
multiple bonds with itself (also with oxygen and nitrogen) which 
are responsible for the extent of organic chemistry. 

The extent of organic chemistry is also attributed to the phe- 
enon of isomerism shown by organic compounds. 

The compounds having the same molecular formula but differ- 

t structural formulae are known as isomers. These isomers have 

ifferent properties (b.p.,m.p, densities, etc.). This phenomenon, in 

hich different compounds exist with the same molecular formula but 
ifferent strucutral formulae, is called isomerism. For example, the 
ша C,H,, represents two different compounds. 


orum. cos 
' H H H 
Hoe pM ENG A MP СЩШ 
| | | | н- c—c~c—n 
l 
H H H H H H-C-H H 
1 
H 
| n-Butane (C 


FH) DP.272K Isobutane (C,H,,) bp261K 


We find that both n-butane and isobutane have the same mo- 


ecular formula, C,H,,, but different structural formulae, therefore, 


эшапе (b.p. 272K) and isobutane (b.p. 261K) are isomers. 
Formula С,Н,, represents three isomers, : pentane, isopentane 
neopentane. 


O CH,— СН, CH CH, (i) or 


(ii) CH; — CH, — СН-СН, o HH H M 


CH, кеа 


H 
(iii) CH, Isopentane (C,H, ,) 


and by synthetic processes. Natural sources are of four types : (0 
micro-organisms, (ii) plant kingdom, (iii) animal kingdom, and (iv) 
mineral kingdom. 

(i) Micro-organisms : These are responsible for products ob- 


from plants. 


(iii) Animal kingdom : Fats, urea, honey, hormones, vitamins, 
proteins, etc., are directly obtained from animals. 
(iv) Mineral kingdom : Coal is a rich source for synthetic 


products like benezene, toluene, phenol, naphthalene, etc. Petroleum is 
another important source of organic compounds. Petrol, kerosene, lu- 
bricating oil, vaseline and other petrochemicals are obtained from pe- 
troleum. 

A large number of organic compounds are obtained in the laboratory 
by synthetic processes. A chemical which is obtained from petroleum 
or natural gas is a derivative of petroleum product, and is xnown as 
petro-|chemical. 


TABLE 7.6 : Distinction of organic compounds from inorganic compounds 


Property Organic compounds Inorganic compounds 
1. Abundance Enormous in number Limited in number 
ui Nature or Involve covalent bonding Involve mostly ionic 
bonding bonding. Also involve 
covalent bonding 
3. Bond formation Slow Fast 
4. Functional groups Present Absent 
5. Study of the Easy to classify into Classification is 
compounds families based upon possible but study 
functional groups is not very convenient. 
6. Source From living matter and Noneliving matter 
synthetic source associated with mineral 
world, also synthetic 
ity Specificity Very nearly all organic Can contain any elements. 


compounds contain C and H 


7.5 IMPACT OF ORGANIC COMPOUNDS ON MANKIND 
The chemical profession has contributed much to the progress of 
civilization. We have moved through the centuries from the art and 
magic of the alchemists to the very different objectives and methods 
of modern chemistry, but there is a debt to be acknowledged. Our 
ancestors devoted their resources and energies fruitlessly to the crea- 
tion of a mythical substance, the Philosopher's stone (Paras).]t was 
believed that this stone could change the common metals it touched 
into gold. They also tried to discover the ‘Elixir of Life’ that would 
assure eternal youth. This dream too has never been achieved. Despite 


their failures, science had its raw beginning in their arcane laborato- 
ries, 
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Chemistry has contributed significantly to our material comfort. ^ 
But their is much left to do. Think of areas in which the beauty of 
chemistry is apparent in controlling population explosion and environ- 
mental pollution, in fighting against hunger and disease, in providing 
new energy sources, in providing synthetic fibres, in making national 
economy strong, etc. 

All living systems derive their energy from organic compounds 
such as carbohydrates and fats and grow using amino acids and pro- 
teins. Carbohydrates are among the most common constituents of 
plants and animals. In animals they provide a source of energy, while 
in plants they form the greater part of the cell tissue on which the 
plant relies for its support. They include familiar substances like glu- 
cose, sucrose, starch, cellulose, etc. They provide all the three basic 
needs of life, viz., food (as starch containing grains), clothing and 
shelter (cellulose in the form of cotton, linen, wood etc.). 

Proteins in life provide protection as skin, hair and nails and 
motive power as muscles. As enzymes, or organic catalysts, they sus- 
tain life by speeding up otherwise slow chemical reactions. They are 
macromolecules, gigantic polymer of amino acids with high molecular 
weights produced in plants and animals. They are considered to be the 
building units of all vegetable and animal bodies. Proteins are essen- 
tial part of diet and are vital for the maintenance and growth of life. 

Nucleic acids (made of carbohydrates) are a class of compounds 
which are important for the growth and development of all forms of 
life and for the transmission of hereditary characteristics from one cell 
to another. 

Vitamins are a group of biocatalysts ‘vital’ for life. They are 
required by the body in small quantities to maintain normal health and 
growth. However, these must be supplied through diet or as ‘vitamin 
preparations' as these cannot be synthesized by the body. Their defi- 
ciency leads to a number of diseases. 

Hormones constitute a group of biomolecules that have an im- 
portant role in regulating many metabolic processes and sex character- 
istics. They are produced by ductless glands and secreted directly into 
the blood stream. A disturbance in hormonal balance may lead to 
abnormal metabolic processes. 

Nucleic acids, vitamins and hormones are all organic com- 
pounds, 

Natural fibers like cotton, wool or silk and synthetic fibers like, 
nylon, rayon, polyester are the gifts of organic chemistry. 

Perhaps the biggest impact of organic chemistry in mankind has 
been in the understanding, prevention and cure of diseases. This has 
enabled man to live a longer and healthier life. Anaesthetics and anal- 
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gesics make modem surgery possible. Chemists have developed dis- 
ease curing and life saving drugs like - sulphur durgs, antimalarial 
(quinine, chloroquinine, etc.) and antibiotics (streptomycin, penicillin, 
etc.). 

Through the use of organic compounds, such as fertilizers (urea) 
and pesticides (DDT, malathion, .gammexane) fungicides (chloranil) 
and weed killer (2, 4D) drastic agriculture reforms have been possible. 
These have been able to help us controlling the constant strains on our 
food resources because of increasing population. 

Among our various major fuels and energy sources, fossil fuels 
like coal, lignite, petroleum and natural gas are of organic origin. The 
crude oil is a rich source of different grades of fuels (for automobiles, 
aeroplanes and domestic use) and a vast number of useful chemicals. 
These chemicals, called as petrochemicals, are used in chemical in- 
dustries like plastic, resin, synthetic rubber, Synthetic fibers, detergents 
and explosives. 

Domestic gas (LPG — liquefied parrafin gas) an important mod- 
ern fuel, has made cooking very easy. These days gas from animal's 
waste, gobar gas, is being made available, again through research and 
development in chemistry. 

The other areas wherein organic chemistry also play a vital role 
are, production of polymers (natural and synthetic - like wood, rubber, 
paper and plastics), dyes and drugs, soaps and detergents, etc. 

Thus, organic chemistry has become an integral part of our cul- 
ture and consequently is related to many of the issues of our daily 
lives. 

7.6 NOMENCLATURE OF ORGANIC COMPOUNDS 

Like any living language, the language of science is constantly 
changing. The naming of individual compounds and of classes of re- 
lated compounds has been an important but somewhat controversial 
Subject during the development of chemistry. Many organic com- 
pounds isolated from nature were named after their origin for ex- 
ample, penicillin from the word penicillium notatum. Acetic acid 
known for long time was named from the Latin word ‘acetum’ for 
“sour wine or vinegar". With the enormous and ever increasing number 
of organic compounds, it was felt necessary to devise a systematic 
way of naming them so that their formulae and their structures could 
be deduced from their names. 


The most complete and useful System was evolved during sev- 
eral international conferences ; it is known as the IUPAC (Interna- 
tional Union of Pure and Applied Chemistry) system. We will show 
the rules covering the System in the following pages. 
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Many organic compounds are still known by their common 
names. Though these names bear no relation to the IUPAC name or 
the molecular structure of the compounds. In most cases, common 
names are simpler than IUPAC names. We will use IUPAC names in 
this book. However, common names, widely acceptable today, will 
also be used. 

7.6.1 Hydrocarbons 

Compounds containing carbon and hydrogen are called hydro- 
carbons. The naming of hydrocarbons is very important because their 
names form the basis of naming all other organic compounds. 

Methane (CH,), ethane (C,H,) propane (C,H,), ethylene (C,H,) 
acetylene: (C,H,), benzene (C,H,), etc. are some of the examples of 
hydrocarbons. Methane, ethane, ethylene, acetylene are aliphatic 
hydrocarbons whereas benezene is calld an aromatic hydrocarbon. 


A hydrocarbon is said to be saturated if each carbon atom is 
bonded to four other atoms by single covalent bonds ; no double or 
triple bonds are present between carbon atoms. Saturated hydrocar- 
bons are non-reactive. Hence, saturated hydrocarbons were earlier also 
called paraffins (para = less; affins = affinity). The systematic IUPAC 
name for such compounds is *Alkanes'. The general formula of al- 
kanes is С.Н, 

Unsaturated hydrocarbons are those which contain at least one 
carbon-carbon double or triple bond. According to IUPAC system, 
hydrocarbons containing at least опе ‘—C=C— bond are called *Alk- 
enes' and with at least one ‘—C=C— are called *Alkynes’. Thus, 
alkenes and alkynes are hydrocarbons that contain double or triple 
bonds. An alkene (or olefin) contains a double bond between two 
carbon atoms. Their double or triple bonds allow other molecules to 
be added to the hydrocarbon chain through a reaction. For example, 
both an alkene and an alkyne can be converted to the corresponding 
alkane by an addition reaction with H,. This reaction is called hydro- ` 
genation. 

The general formula of alkenes is C.H... ; the number of hydro- 
gen atoms is twice the number of carbon atoms in the molecule. In 
case of alkyne family, the general formula isC,H,_,.The formula 
shows that the number of hydrogen atoms is two less than twice the 
number of carbon atoms. ' 

Hydrocarbons are classified into three categories depending оп 
the arrangement of carbon atoms. 

1. Straight chain hydrocarbons 
2. Branched chain hydrocarbons 
3. Cyclic hydrocarbons 
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Naming of Aikanes (also Alkenes and Alkynes) - Continuous and 
Straight Chain Compounds 

These alkanes contain straight chain of carbon atoms. Their 
names are entirely based upon their straight chain of carbon atoms. 
The names of such compounds end with ‘ane’ and carry a prefix de- 
picting the number of carbon atoms present in the chain (except from 
CH, to C,H,, where the prefixes are derived from their trivial or com- 
mon names.) The prefixes meth, eth-,prop-,but-,pent-hex-,hept-, oct-, 
etc., 2ге used for compounds containing 1,2,3,4,5,6,7,8, etc. carbon 
atoms.respectively. А hstof names of alkanes containing carbons 1-10 
is given below(Table 7.7).Their condensed structural formulae are also 
given. 


TABLE 7.7 : Simple alkanes 


Name Molecular Condensed structural formula 
formula 

Methane CH, CH, 

Ethane CH, CH,CH, 

Propane C,H, CH,CH,CH, 

Butane CHE СН,СН,СН,СН,* 

Pentane CH, CH,CH,CH,CH,CH,* 

Hexane CH; CHECHECHECH;CHECH, * 

Heptane CH, CH,CH,CH,CH,CH,CH,CH,* 

Octane CH, CH,CH,CH,CH,CH,CH CH CH, 

Nonane CH CH,CH,CH,CH,CH,CH,CH,CH,CH,* 

Decane C,H CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,* 


тит = IU АВЫ АСЬКА И 
* One of several possible isomers. 


Members of the alkene family with their condensed. structural 
formulae are listed in Table 7.8. They all have one double bond be- 
tween two carbon atoms. The simplest alkene is ethene C,H, which is 
commonly called ethylene. All the names ot the alkenes end in “ene”. 


Alkynes are hydrocarbons that contain л triple bond between 
two carbon atoms. The simplest alkyne is ethyne, C,H, which is com- 
monly called acetylene;Members of the alkyne family with their con- 


densed structural formulae are listed in Table 79 The names of all 
alkynes end in “yne”, 
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TABLE 7.8 Simple alkenes 


Molecular formula Name Condensed structural formula 

CH, Ethene (ethylene) 7H, =CH, 

CH, Propene (Propylene) CH, = CHCH, 

CH, Butene (butylene) CH, = CHCH,CH,* 

CH Pentene CH, = CHCH,CH,CH,* 

CH, Hexene CH, = CHCH,CH,CH,CH,* 
SS APEE r i жонын ДА a as рал ACT fas Vater SEY 


* One of several possible isomers 


TABLE 7.9 Simple alkynes 


—— MÀ —— ——— À— —M À— — —— 


Molecular formula Name Condensed structural formula 
94 Ethyne (acetylene) HCE CH 
CH, Propyne (теу! acetylene) Ch CECH 
CH, 2-Butyne (dimethyl acetylene) CHC = C-CH, 
acetylene) 
C,H, 2-Pentyne (ethyl methyl acetylene) CH;-CH;-C=G-CH, 


Some properties of individual straight chain alkanes are tabu- 
lated in Table 7.10. 


TABLE 7.10 Physical properties of straight chain alkanes 


Molecular TUPAC State at Boiling Melting Density 
formula name 298K point, K point, IC gem 
esu SPSS ASAI DV PPE AEN: ly YO TTL 5747 TS тті. ber M КЕЙ 
CH, Methane gas 112 90 0-424 
CH, Ethane gas 184 101 0546 
C,H, Propane gas 231 85 0-501 
CH, Butane gas 273 138 0579 
CH, ` Pentane liquid 309 143 0-626 
CH, Hexane liquid 342 178 0657 
CH, Heptane liquid 371 182 0-684 
CH, Octane liquid 399 216 0703 
СН, Nonane liquid 424 219 0718 
C,H, Decane liquid — ' 447 243 0-730 
CLA Eicosane solid 617 310 0-785 


A compound can be represented by its electronic, molecular, 
structural and condensed structural formulae. Thus, in the case of 
methane, ethane and propane we have the following : 
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Hydrocarbon Molecular Electronic Structural Condensed 


formula Formula Formula structural 
(graphic) formula 
Methane CH, H Ї CH, 
et 
HiCXH H-O-H 
xe | 
H H 
Ethane CH, HH i | H,C—CH, 
T3 
HxC--C-xH H-C-C-H 
rr |7] 
н H HH 
Propane C,H, HHH HHH H,C--CH;—CH, 
pri ГІ 
HxCeCsCexH H-C-C-C-H 
е ee 
eae a 
H HH HHH 


Condensed structural formula is most commonly used. 
Branched Chain Compounds 

In branch chain compounds, all the carbon atoms are not present 
in a linear fashion. Some of them are attached to the parent continuous 
chain at one or more points. This is because hydrocarbon groups can 
Substitute for hydrogen on the parent chaain, the subsituting hydrocar- 
bon groups are called substitutents. For example - 


CH, — CH;,— Pu CH—— CH — CH, 


ке в 
C 


358 


Some examples ot alkyl groups are listed below in Table 7.11 


TABLE 7.11 List of alkyl groups 


Hydrocarbon Alkyl group 
Molecular Name Molecular Name 
formula formula 
CH, Methane CH,- Methyl 
CH, Ethane с,н,- Ethyl 
CH, Butane CH,— Butyl 
CH, Hexane С.Н, Hexyl 
Cc, Decane С.Н, "есуі 
CH, Benzene С.Н, Aryl (phenyl) 


There are names for alkyl groups besides those of methyl, ethyl 
and propyl mentioned in the Table 7.11. Table 7.12 includes some of 
these groups. 


TABLE 7.12 Names of some common alkyl groups 


Name Akyl group Comments 
CH, The prefix iso-is used for carbon 
chains that are continues (except 
Isopropyl CH, ——:C for the presence of a methyl group 
on the carbon second from the 
H unsubstituted end of the longest chains) 
H, Primary The carbon joining this alkyl group 
carbon о another group is bonded to one 
Isobutyl CH,— CH — СН, other carbon; it is a primary carbon 
secondary 


‹ carbon Тһе carbon joining this alkyl group 
Secondary butyl! CH, — CH,— CH— CH, to another group is bonded to two 
(sec-butyl) other carbons; it is secondary 
carbon. 


CH, bec Thecarbon joining this alkyl group 
D sem to another group is bonded to 


Tertiary butyl cH a threecarbons; itis tertiary 
(tert-butyl) carton: 
ү 
H When used as an alkyl group in 
Ne giving compounds common names, 
Vinyl GS this group, derived from ethene, is 
WA called vinyl 
H H 


The rules for the Systematic naming of hydrocarbons 
are as follows : 
1. Select the longest unbranched chain of carbon atoms as the par- 
ent chain. This chain is used as the parent Structure. Consider the 
chain. 


(i) 7 6 5 423 DEI 


C 
The longest continuous chain Contains seve , carbons, so the structure 
of parent hydrocarbon Should be named as neptane. 
2. Name the substituent groups. Substituent groups attached to the 
parent chain are called side chains, 
3. Number the carbon atoms in the parent chain starting from the 
end that will give the substituent groups attached to the chain the 


name of the parent alkane. In the example, the substituents and posi- 
tions are 2-methyl3-methy] and 4-ethyl. 

4. If more than Опе substituent groups of the Same type are present 
prefixes : di (2), tri (3), tetra (4), penta (5), etc. are used to indicate 
their number. But the position of each substituent is indicated by a 


According to the TUPAC Tules, the name of the compound cho- 
Sen to explain the system will be 4-ethyl-2, 3-dimethylheptane, From 
this name, with a knowledge of IUPAC rules, it is very easy to give 
the structural formula of the alkane. 


Now to name the hydrocarbons that contain multiple bonds con- 
Sider the examples, 


(2) 6 5 4 3 2 1 
Т? = CH — CH zc ——CH, 
CH, н, 
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TABLE 7.13 Some Important functional groups 


Class of Structure IUPAC Example 
Compounds the functio suffix(s)* Name * Forumula 
(functional group) nal group — or prefix(p) 
Alkane — —ane(s) Butane CH,CH,CH,CH, 
Alkene C=C —ene(s) 1-Butene 
Alkyne с=с —yne(s) 1-Butyne CH CCH,CH, 
` Arene — -— Benzene CH, 
Alcohol —OH *с' of alkane is 2-Butanol SC e 
| replaced by -ol(s) OH 
Ether pr^ E Ethoxyethane or © CH,CH,OCH,CH, 
Diethyl ether ] 
Aldehyde -Ç=0 ‘e' ofalkancis — 1-Butanal CH, CH, CH, CHO 
н replaced by - al (s) 
Ketone -C-O ‘eof alkane is 2- Butanone engan сн, 
replaced by -one(s) 
Halide —X Halogeno(p) or 1-Brombutane CH,( Br 
(X-ECLBr] ancofalkancis Orn-Botyl bromide M 
replaced by 
—yl halide(s) 
Nitro —NO, Nitro-(p) V-Nitrobuiane CH (CH NU, 
Amine -NH,—NH,—N- Amino-(p) 2-Aminobutane СН,СНСН,СН, 
| or -amine(s) or2-Butaneamine — NH, 
Carboxylic acid -с—0н *e' of alkane Butanoic acid CH,CH,CH,COOH 
OH is replaced by 1 
—oic acid (s) 
Carboxylate ion iw =оаіе(ѕ) Sodium снусн,сн,СоОма! 
Ó butanoate 
Acid anhydride —C—O—C-C- —oicanhydride(s) Butanoic CH,CH,CH,C=0 
ЖА | anhydride o 
о о / 
‘CH,CH,CH.C-0 
Amide FO y STER + mide (s) Butanamide CH,CH,CH,CNH, 
Or ise | 
о 
Ton 
о 
о 
Acyl halide [х —oylhabde(s) ^^ Butanoyl CH,CH,CH, 
6 chloride 


*The suffix or prefix is attached to the corresponding parent saturated hydrocarbon. 
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(3) 4 3 2 1 
CH= Сж== Guo CH, 

6. Іп alkenes and alkynes, ће carbon atoms are numbered so as to 
give the lowest possible number to the first carbon of the multiple 
bond. The suffix ‘ene’ and ‘yne’ are used to characterise the 
double and triple bonds respectively. When compounds contain more 
than one C = C bond, a numerical prefix (di, tri, etc.) is used before 
the ёле? suffix. This applies to alkynes also. 

Thus, the names of the hydrocarbons 2, and 3 chosen to explain 
he system will be, 

(2) 2,5 — dimethyl - 2, 4-hexadiene 

(3) 2- Вшупе 

Another rule is essential for cyclic hydrocarbons. 
7. A cyclic compound is named by adding a prefix yclo’ to the 
name of the corresponding straight chain hydrocarbon, e.g., 


CH, P CH, 
CH, CH, CH, k 
Cyclopropane Cyclobutane 


The carbon atoms are numbered around the ring so as to give the 
lowest numbers for the substituent positions. For example, 


CH, 
| 
CH 
HC CH, 
| 
|, CH—CH, 
2 
CH, 1,3 - Dimethylcyclohexane 


The following examples with their IUPAC names will make the rules 
further clear. 
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() 1 2 3 
CH, ——CH — — CH——CH, 
CH, 4CH, 
SCH, 
2, 3 - Dimethylpentane 
С CH, 
(ii) CH,—C —— CH, ——CH —— CH, 
1 | 3 4 5 
CH 


2, 2, 4-Trimethylpentane 


(ii) 1 2 3 4 
CH, CH —— CH === CH, 


1, 3-Butadiene 


(vy) 4 3 2 1 
CH, —— CH, — C === CH 


1-Butyne 


©) сн, 


cH, — CH — CH CH — C, 
5 4 3 2 1 


4-Methyl - 2- pentene 


7.6.2. Characteristic Groups (Functional Groups) 

Saturated hydrocarbons are quite unreactive, but if one of the 
hydrogen atoms in saturated hydrocarbons is replaced by another atom 
or a group of atoms it becomes very reactive. This atom or a group of 
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atoms in a molecule that gives the molecule its characteristic chemical 
Properties is called a functional group. Several important functional 
Eroups are listed in Table 7.13. 

These groups cannot exist by themselves but are bonded to alkyl 
group. The long and thick dashes in the Structural formulae of 
these functional groups show the location of bonding. The func- 
tional groups of compounds like those of alcohols, aldehydes an car- 
boxylic acids form bonds with only one alkyl Sroup. Functional 
groups of other compounds like ethers, ketones and estrs form bonds 
with two aikyl groups. 


Eihyl alcohol, acetaldehyde and acetic acid are derivatives of 
the parent hydrocarbon, CH, but they contain different functional 
groups, 


a m 
H—C— Cm O—H, H — С mC —0, 
| | Functionai Functional 
H H group е H group 
Ethyl alcohol Acetaldehyde 


Acetic acid 


The Study of the Properties of these compounds show that these 
are different from one another, 


e All compounds with the same functional grou 
similar reactions. For example, the follow} 


2. CH, — CH, — OH, and 5, FECE. CH de уы 
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produce hydrogen on reacting with sodium metal, i.e., - 
2R-—OH-«2Naà |—— ——* RONa + Н, 
Where R = —CH,, —CH;—CH, or CH= CH — CH, 
The similarity in reaction shows thal in these reactions only 
functional group — OH is involved. The —C—C— bonds and C—H 
bonds are quite stable and strong, and thus, do not dissociate easily — 
whereas --O—H is weaker, and hence, more reactive. Most of the 
organic chemistry is functional group chemistry. Organic chemists 
have classified organic compounds into categories according to their 
functional groups. The double and triple bonds of alkcnes and alkynes 
are chemically reactive and are, thus, considered functional groups. 
Some typical examples to illustrate the application of TU "AC 
rules are given below : 
Example 7.1 Give the systematic name of the following organic com- 


pound : 


CH, OH 

CH, —— Ç —— CH, ——CH ——CH, 

5 4 3 2 1 
CH, 


Solution 1. The functional group present is an alcohol. Hence, the 
suffix is—ol (for alcohol the terminal-e of the parent alkane is re- 
placed by—ol) 
2. The longest chain containing —OH functional group has five 
carbons. Therefore, the parent hydrocarbon is pentane. У 
3. The group —OH is at position 2 (the position of the —OH group 
in the carbon skeleton is shown by the lowest number as per IUPAC 
tules). \ 
4. Тмо methyl groups are attached to carbon 4. 
5. The systematic пате is, therefore, 

4, 4- Dimethyl - 2 pentanol 
Example 7.2 Give the systematic name of the following organic com- 
pound. 


cH, 
6 s 3 z 1 ^ 
Chimp cr Е, "CH CH COOH 
Ct 


Solution 1. Here, there are two functional groups, i.e., an alkene and a - 
corboxylic group — COOH. Therefore, suffix should be such which 
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а 


can indicate both. This could be possible when both the functional 
groups are combined; i.e.;-ene and—oic into—enoic 
2. Halogen is treated as a substituent. It is present at carbon 5. In 
addition to this there is another methyl substituent group at carbon 5. 
3. The parent hydrocarbon is hexane. 
4. The double bond is present between carbon atoms 2 and 3. 
5. The systematic name will Бе: 

5-chloro - 5 - methyl - 2 - hexenoic acid. 
Frane 7.3 : Give the systematic names to the following CY Ws. X 


L CH——CH—CH, 2. -сн—=сн—Ё—н 

он Он 

M 
3. eu b о г 
сн;—Сн-—сн;——С——\Мн, 
3 2 1 

H 

5.  CH-~—N—CH;—CH, 6. E 


7 cic coo (yes Yd E V 


CH, 
9, pee oh eee 10. бсан рсн 
H, 


1. The parent hydrocarbon is propane. Two functiona: groups of 
the same type are attached at different carbon atoms; 1 and 2. There- 
fore the name is 1, 2 — Propandiol 

2. Тһе parent hydrocarbon is propene. The substituent group C,H, 
is attached to carbon 3. It contains aldehyde group. The ending “е” "ol 
the hydrocarbon is replaced by—al to designate aldehyde. The func- 
tional group should also be given the smallest number when selecting 
the chain. Hence, the name is 3 - Phenyl - 2-propenal. 

3. The parent acid is butanoic acid. The carbonyl carbon should be 
numbered 1. Amide is named by droping —ic or—oic ending from the 
name of the parent acid and adding the ending amide. DEKO the 
name is 3-Methylbutanamide. 

4. The parent acid is propanoic acid and there is a methyl substitu- 
ent on the amine group. Hence, the name is N - Methylpropanamide. 
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5. There are two alkyl groups attached to the nitrogen, hence, it is 
a secondary amine. In naming them, alkyl groups are followed by the 
word amine. Hence, the name is, Ethyl methyl amine. 

6. One alkyl group is attached to the nitrogen, hence,it is a primary 
amine. Therefore, the name is Propylamine. 

7. This is an ester. Esters are named as derivatives of carboxylic 
acids. This ester is made of propanoic acid and phenol. Hence, the 
name of the compound is Phenyl propanoate. 

8. The parent hydrocarbon is pentane. Hence, the name is 4 — 
Methylpentanal. 

9. The parent hydrocarbon is hexane and the carbonyl group car- 
bon is at position 3. Hence, the name is 3— Hexanone 

10.. 4,4 - Dimethyl - 1 - pentyne 

Example 7.4 What is the structure of each of the following com- 


pounds : 

(i) 2,2,.- Trimethylpentáne (i) 1, 3-Cyclobutadiene 
(iii) 3-Methyl - 2- butanone (iv) 3, 3-Dimethylhexanal 
(v) 2-Methylpropanoic acid (vi) 2-Methyl - 2-propanol 


(vii) 1-methyl - 2, 3-diethylbenzene (viii) 3-Chlorocyclohexene 
Solution (i). A five atom carbon chain is present and the substituents 


are attached to carbon at two places, i.e., two methyl group at position 
2 and a third methyl group at position 4. Hence, the structure is, 


єн, cH, 


CH,— C —— CH, CH — CH 
1 р 3405 5 
CH, 
Gi). — 1 2 Ine double bond is present in position 1 and! 

Ç CH 3,hence,the structureis 
| | 
CH CH 
4 3 


(ii). A four atom. carbon chain is present. The carbonyl group is 
present in 2 position. Hence, the structural formula is, 


i 
ЄН к ari c—— CH, 


CH, 
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xnanr ty present, the aldehyde group is ргеѕ 8 
ent in position 1. Hence, the structure is, 


CH, n 
CH Chitra. ое a M a H 
CH, 
(у). A three atom carbon chain is present. Hence, the structure is, 
CH, о 
| I 
Ситт ОН (C —TÁPOH 
Y : | CH, 
(vi). The carbon chain contains three atoms | 


of carbon. The methyl group and —OH H,— C — CH, 
group are attached to the same carbon atom. | 
Hence, the structure is, OH 


(vii). A six membered ring is present as suggested Сн CH, 
through benzene. The numberirg is as shown in the | 


figure. The prefix 1-methyl means that а methyl CH, 
group is present in position 1. Similarly ethyl groups 
аге present in positions 2 and 3. Hence,the structure CH, 


15, 


(viii). A six membered ring is suggested by cyclohexene. 
The. word ‘ene’ denotes the presence of a double bond. As 


per the rules the double bond is to be given the smallest 5 : 
number. The numbering is given below in the figure. The 4 2 
prefix,—3 chloro suggests that this group is attached to 

carbon 3. Hence, the structural formula is, СІ 


77 SOME COMMON ORGANIC COMPOUNDS 

This section includes some common organic compounds along 
with their major uses. Compounds containing different functional 
groups (Table 7.13) have been chosen. Their chemistry will be dealt in 
later units. 
Alkanes : Petroleum is a mixture of different hydrocarbons (solid, 
liquid as well as gascous). It has no uses in its raw form. It derives its 
name from the Latin words ‘Petra’ (meaning rock) and *oleum' 
(meaning oil). 
Ў Petroleum (or crude oil) is a black viscous liquid with a charac- 
teristic smell. It occurs under the earth’s crust entrapped in impervious 
rocks. It was formed from the decomposition of the remains of marine 
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animals and plants that were burried in the beds of the seas millions of 
years ago. These animals and plcnts had, by the process of photosyn- 
thesis, made sugars and other organic compounds that they required to 
live. During the course of time, high pressures and temperatures and 
bacterial action converted these compounds into oil. Similar condi- 
tions led to the formation of the natural gas that is often found associ- 
ated with crude oil as well as in deposits on its own. It is mainly 
methane. It is a good non-poisonous fuel. On refining, it gives various 
useful products like liquefied petroleum gas (LPG), petrol, kerosene, 
diesel, furnace oil and wax in the order of increasing carbon contents. 
The uses of these compounds are listed in Table 7.14. LPG is used as 
a fuel in houses for cooking purposes. 


TABLE 7.14 : Fractions obtained from crude oil and their uses 


———— MM MÀ à 
Fraction Composition Boiling point Uses 
range 
———————M— 
Gas C-C, Below 307 K As fuel and for making carbon 
hydrocarbons black, hydrogen, gasoline (synthe- 
tic petrol by polymerisation) 


Petroleum ether Cx, 303-343K As solvent and in dry cleaning 
Petrol or C-C, 343-473 K As motor fuel and for making 
gasoline petrol gas 

Kerosene oil CC, 473-548K Household fuel for heating and 


lighting and for making oil gas 


Сн 548-623 К Fuel for diesel engines and 


Gas oil and C; 

diesel oil fumaces; For cracking also 
Lubricating oil, C,, and 623-673 К As lubricants and in cosmetic 
vaseline (petro- higher creams; Wax for candle 

leum jelly), alkanes manufacture and water proofing 
paraffin wax 

Pitch and Viscous Above For roofing, surfacing, etc. 
Asphalt liquid 673K 


EL Ml cia s ed oa fente AU КЫ УОЛУ ЛАЛЫ 

The large number of substances which are obtained from petro- 
leum or its fractions are collectively known as petroochemicals. The 
chief products are shown in Fig. 7.1. 
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Fig. 7.1 Some chemicals from petroleum 


Alkenes : The lower alkenes (С, to C, or C,) are obtained as products 
of petroleum refining which in turn are used to prepare different poly- 
mers like polyethene, polypropene, synthetic rubber (from 1, 3 - buta- 
diene) and also other compounds such as alcohols, aldehydes, and 
ketones on industrial scale (Fig. 7.1). 

Alkynes : Acetylene is an important compound of this class which is 
mainly used for welding purpose. 
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On U UU 
Lees of Methane, Ethane, Fihyleme ama scetybene 
Methane’ © п wa, 
0) Аяа расои feel, Since и dows sot bere with sooty Mame, из 


(4) i the industrial preparation of compounds lie meihyl chlorite, 


(ш) in the preparation of Mack pats and in robber еби Meth- 
aee decomposes into caros. amd hydroges when hosted м 1271K 
and in te косе of aer. 


Ou 2А. awe me 


This decomposition reaction is called pyrolysys. The carbon 
formed is used in the preparation of bixa paints and in rubber indastry 
Ethane : ft is used, 

(0 Аза gaseous foe! 

(4) Та the industrial preparabon of organic compounds Hie су! 
alcohol, nitroethane, etc. 

—4 It is used, 

In the manufacture of polyethene, a plattic material used for 

making toys, bags, pipes, boret, ek 
Gi) Аза general anaesthetic 
(ш) d amy! he «А. йаша 


(i) For producing oxyacetylene flame used in cutting and welding 


purposes 
Gi) For the manufacture of a large number of organic compounds 
e.g.. actaldehyde, acetone, acetic acid, alcohol, western (tetra- 


Many artificial dyes used in textile industry are obtained from 
napthalene and anthracene. Mothballs made of napthalene are used to 
Protect woolens fron insects 


y 


Ammonical —————>Ammonia —> Urea 
liquor (Fertilizer) 
—— > Benzene 


Coal —— Methyl benzene 
| ——» Xylene 
Phenols 
Benzene 
Coal Gas е 
(Fuel) Methylbenzene 
| gem 


Methanal->Plastics 
Coke———» Water gas 
(Fuel) 


Calcium carbide —Ethylene —» Plastics 
Fig. 7.2 Chief organic chemicals produced from coal. 

Alcohols : Many aliphatic alcohols are used in the laboratory, clinic 
and industry. Isopropyl alcohol, a colourless liquid, is used for mas- 
sages and to lower the body temperature in fever. It is also used as a 
base for perfumes, creams, lotions and other cosmetics. Ethyl alcohol 
and. methyl alcohol are the two most important alcohols. Ethanol is 
mainly obtained from ethene and is manufactured by fermentation of 
molasses (sugar) and starch. Methyl alcohol is mainly obtained from 
petroleum feedstock. Both the alcohols are of industrial importance. 
Ethyl alcohol is used, 
1.  Asalcoholic beverage : 
2. In the manufacture of drugs, dyes, paints, synthetic rubber, var- 
nishes, lacquers, etc. 
As a petrol substitute (power alcohol) 
In the preparation of a large number of organic compounds like 
aldehydes, carboxylic acids, iodoform, etc. 
5 As a fuel in spirit lamps and stoves 
6. Asa preservative for biological specimens 
7 As a solvent for pharmaceutical preparations 
8.  Asafuel from a renewable source like sugarcane 
Note. Alcohol for industrial purposes is denatured by the addition of 
substances, e.g., methyl alcohol, pyridine, copper sulphate, etc. that 
make it unfit for drinking. 

Compounds derived from 2-ethylhexanol are used as softners in 
plastic industry. Ethylene alycol is used in antifreezes. It is used in the 
manufacture of dacron (Fig. 7.1). 


Bo 
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Glycerol (1, 2, 3-propantriol) is used as a lubricant in supposito- 
ries and as a moistening agents in cosmetics, tools and drugs. Glycerol 
is also an important ingredient of fats and oils. 

Harmful Effects of Drinking Alcohol, i.e. Ethylalcohol 

Alcoholic beverages are prepared from different Starting 
materials like molasses, barley, grapes, etc., by alcoholic fermentation. 
These contain large amounts of water, colouring and flavouring 
materials besides ethy] alcohol. These beverages are consumed throughout 
the world because when taken internally it stimulates the human sys- 
tem. Ethyl alcohol, if taken in small quantity, is harmless but its con- 
tinuous use results in addiction. Addiction to alcohol induces many 
bad habits. Under its influence a person fails to distinguish between 
good and bad, or right and wrong. He speaks and behaves very abnor- 
mally. Alcoholism contributes to family conflicts, divorces, automo 
bile accidents, vandalism, violent crimes, etc. This habit leads to total 
economic disaster of a family. Constant use of alcohol ruins health 
and may even cause death. Despite its bad effects drinking of alcohol 
is considered a very important social status symbol. 

Methanol is toxic in nature. Its small amout when taken inte 
nally causes even poisoning coupled with blindness. Consumption in 
large quantities can be fatal. So it is not a drinking alcohol. 

Aldehydes and Ketones : A large number of aldehydes and ketones 

have been isolated from plants and animals. Compounds with high 

formula weights have fragrant or penetrating odours. Methanal (for- 

maldehyde or formalin) and ethanal (acetaldehyde) are two important 

aldehydes. Methanal is manufactured by the oxidation of methyl alco- 

hol. 

Uses of Formaldehyde 

(i) _ It is used as an antiseptic and disinfectant 

(ii) А 40% aqueous solution of formaldehyde (formalin) is used for 
preservation of biological and anatomical specimens. 

(iii) With ammonia it forms urotropine which is used as a urinary 
antiseptic. 

(iv) It is used in the preparation of synthetic plastics like Delrin, 

Bakelite and Galalith. 

(v) Itis used in silvering mirror. 

(vi) It is used in the manufacture of synthetic dyestuffs such as para 
rosaniline, indigo, etc. 

(vii) It is used for the manufacture of sole leather and water proof 
fabrics. 

(viii) It is used in the manufacture of hexamine which on nitration 

produces a powerful explosive (cyclonite or R D X) 
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Ethanal is manufactured by the oxidation of ethenol. Mainly it 1s 
employed in the manufacture of ethonic acid and a limited range of 
plastics 

Propanone is manufactured by the \dehydrogenation of 2- 
propanol. It is widely used as a solvent and as an intermediate in the 
manufacture of other organic compounds, such as ethanoic anhydride, 
trichloromethane, etc. 2-Butanone is an important laboratory and in- 
dustrial solvent. 

Cyclohexanone is an intermediate in the manufacture of nylon. 
Benzaldehyde is the simplest aromatic aldehyde. It has pleasant al- 
mond odour. Vanillin is responsible for imparting popular vanilla fla- 
vour. 

Acetone is an industrially important solvent. It is used as a 
solvent for resins, plastics апа varnishes and is ‘often found іп nail polish 
removers. 

Halides : Chlorinated compounds of methane ethane and ethene find 
their use as solvents, e.g., dichloromethane, trichloromethane (chloro- 
form) tetrachloromethane (carbon tetrachloride), 1, 2 dichloroethane, 
trichloroethene and tetrachloroethene. Tribromothane CHBr, (bro- 
moform) is used in froth flotation methods for mineral purification. 
Indoform (CHL) is used as an antiseptic. 1, 2-Dibromoethane is 
mainly used as a fumigant against insects in food storage godowns. 
1-Bromo -1-chloro -2, 2, 2, 2-trifluoroethane is used as anaesthetic. 
Some important halogen compounds (e.g., solvents, insecticides, 
etc.) : Carbon tetrachloride, ССІ,, because its vapours are non-inflam- 
mable, is an important industrial solvent and is also used as a fire 
extinguisher under the name of ‘pyrene’. At high temperatures, in 
presence of water vapours, it forms carbonyl chloride which is ex- 
tremely toxic. 

CCI, + H,O —COCI, + 2HCI 
Hence, after use of pyrene fire extinguisher, the rooms should be thor- 
oughly ventilated. It is used in the production of fluorinated hydrocar- 
bons, 

Westron or acetylene tetrachloride, CHCL—CHCL, is a heavy 
non-inflammable but very toxic liquid, b.p. 419K. It is commercially 
used as a solvent for rubber, oils, fats, paints, varnishes, etc. 

Westrosol which is a much less toxic solvent than Westron can 
be obtained from it as follows : 


Ару Heat 
НЕ CHC) == == 
CHCl; Cl, BaCl, CHCl=CCl, + НСІ 
It is used for the dry cleaning of clothes. 
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Freon 12, dichlorodifluoromethane, CCLF, is a non-toxic, and 
non-inflammable liquid commonly used as a refrigerant. It is the most 
common spray-can propellant. Though it is itself non-toxic, it has 
been indirectly linked as a cause for skin-cancer. There had been a 
contrversy in the 1970’s concerning the partial destruction of the 
ozone layer in the atmosphere by spray-can propellants and other 
agents*. Our main protection from the harmful ultraviolet light from 
the sun is the ozone layer in the atmosphere. If the concentration of 
the ozone is diminished, toxic effects like increase in the incidence of 
skin-cancer, are likely to occur. 

DDT,2,2—bis—p—(chloro- 
phenyl)—1,1,1—trichloroethane, 
has been an important commercial — ~ он ——CCl, 
insecticide. Its use has been banned 
in some western countries. 

The trade name DDT is 
based on its earlier name (which is 
incorrect) dichlorodiphenyl trichloroethane. 

BHC, benzene hexachloride, С,Н,СІ, also known as gammex- 
ane, lindane or 666, exists as a number of stereoisomers. The y-isomer 
is a powerful insecticide. 

There are many other chloroinsecticides. A word of caution . 
Insecticides are poisnous to human beings and animals and also often 
accumulate in our bodies causing irreparable damage. rurther the in- 
sects develop immunity to these, so that more quantities and more 
powerful (often more harmful to human and animals) insecticides have 
to be used. Therefore, the move is for ‘Organic farming’. 

Acids : The simple carboxylic acids like methanoic acid (formic acid) 

and ethanoic acid (acetic acid) are present in ants and vinegar respec- 

tively. 

Acetic acid is used : 

1. As a coagulant in the manufacture of rubber from latex 

2. In the manufacture of various dyestuffs, perfumes and rayon, 
plastics and paints. 

3. For manufacturing pickles 

4. For making photographic films 

5. In the form of (i) lead tetra-acetate as good oxidizing agent, 
(ii) white lead and basic copper acetate as paints. 

6. For making cellulose ethanote an important synthetic fibre 


DDT 


e 


*The fluorocarbon (e.g. CF,Cl,) in the spray cans are decomposed by О.У. light (from the sun) 
to chlorine atoms (free radicals) which catalyze decomposition of ozone oxygen. Oxides of 
nitrogen (free radicals) introduced into the upper atmosphere by nuclear explosions, fertilizers 
and supersonic transport exhaust also decompose ozone to oxygen. 
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7. For making transparent wrapping materials 
8. In pharmaceuticals and in the food industry. Sodium and pota- 
sium salts of dodecanoic (C,,), hexadecanoic (С) and octade- 
canoic (C,,) acids are used as soaps. Vegetable cooking oils and 
vanaspati are also produced from these chain acids. 
Nitro Compounds : Nitroalkanes, e.g., nitromethane and nitroethane 
are useful as solvents. Nitrobenzene is another useful industrial sol- 
vent. Aromatic nitrocompounds are used as explosives, £2. INT, 
and nitro-cellulose are also used as explosives. 
Amines : Aliphatic amines are used in the manufacture of a wide 
variety of products like drugs, fibers, dyes and insecticides. Aniline, 
the most important aromatic amine, is used in the manufacture of dyes 
(via the diazonium salts). Antioxidants and vulcanisation accelerators 
for the rubber industry. It is also used in sulpha drugs. The diazonium 
salts, obtainable from primary aromatic amines, can be converted to a 
variety of products. 
Amino acids which contain two functional groups, the amino 
group — NH, and the carboxyl group — COOH are the constituent of 
proteins which are the building blocks of living things. 


SELF ASSESSMENT QUESTIONS 
MULTIPLE CHOICE QUESTIONS 
7.1 Put a tick (v) against the suitable choice : 
(i) А saturated hydrocarbon contains 
(a) double bond, (b) single bonds, (c) a triple bond connecting individual 
carbon atoms. 
(i) Compounds having the same molecular formula but different structural for- 
mulae are known as 
(a) isomers, (b) isotopes, (c) allotropes (d) none 
(iii) The compound with structural formula CH,—CH-CH, is known as, 
(a) propyne, (b) propane, (c) propene, (d) propylene 
(iv) Тһе general formula for alkenes is 
(@) C\H,,, (b) C,H, a(€) Сан, (d) C.H... 
(v) The functional Broup present in an aldehyde is 


| 
(а) —OH, ©) >C = О, (c) —C—H (d) —c—oH 


(vi) The molecular formula, C,H,O represents 
(a) an aldehyde, (b) a ketone, (c) an alcohol, (d) an acid 
(vii) In a homologous series, each member differs from its adjacent neighbour by a 
unit 
; (а) —CH, (b) —CH,— (c) —CH,—CH, (d) —CHO 
(viii) Which one of the followings is used for ripening of green fruits ? 
(a) methane, (b) ethane, (c) ethylene (d) acetylene. 
(ix) Acetone and methyl alcohol are obtained from : 
(a) plant sources, (b) animal sources, (c) water (d) none 
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(x) 
(xi) 
(xii) 


(xiii) 
(xiv) 
(xv) 


(xvi) 
(xvii) 


C,H, and C,H, are the first two members of the homologous series of 

(a) alkanes, (b) alkenes, (c) alkynes (d) alkanol 

The IUPAC name for CH,CHO is 

(a) acetaldehyde, (b) formaldehyde, (с) methylaldehyde, (d) ethanal 

The IUPAC name of the compound having the formula, (UT 1984). 
H,C—C(CH,) —C H=CH, is 

(a) 3, 3, 3-trimethyl - 1 - propene (b) 1,1,1-trimethyl - 2 - propene 

(c) 33, -dimethyl - 1- butene (d) 2, 2-dimethyl - 3-butene 


An isomer of ethanol is (IIT 1986) 
(a) methanol(b) diethyl ether (c) acetone (d) dimethyl ether 
The highest boiling point is expected for (IIT 1986) 


(a) iso-octane (b) n-octane (c) 2,2,3,3-tetramethy! butane (d) n-butane 

Only two isomeric monochloro derivatives are possible for (ПТ 1986) 

(a) n-butane (b) 2,4-dimethylpentane (c) benzene (d) 2-methylpropane 

CO, is isostructural with (a) HgCl, (b) SnCL (c) C,H, (4) NO, (IIT 1986) 

The IUPAC name of the compound CH, = CH — CH (CH,), is (IT 1987) 
(a) 1, 1-dimethyl -2-propene (b) 3-methyl -1-butene (c) 2-vinyl propane (d) 1- 
isopropyl ethylene 


7.2 Match the terms in Column ‘A’ with the terms/descriptions in column ‘B’. 


9 HO N 


10. 


Column A Column B 

Organic chemistry (a) Carbon-carbon double bond 

Hydrocarbon (b) Contains —COOH group 

Alkane (с) Carbon-carbon triple bond 

Alkyl group (4) CHL 

Isomers (e) Contains — OH group 

Alkene (f Chemistry of carbon 

Alkyne (е) C and Н only 

Alcohol h) Same molecular formula with 
different structural formulae 

Aldehyde (0) Contains —CHO group 

Carboxylic acid [0] Contains one hy trogen atom less 
than parent alkane 


73 Fill in the blanks in the following: 
(1) The organic compounds having—CHO functional group are known as-——. 


Q) 
(3) 
(4) 


The next higher homologue of ethane is ——. 
The IUPAC name of methyl alcohol is 
The general formula of —— is CH 
The two allotropic forms of carbon are —— and " 

An atom or a group of atoms which gives the organic molecules its characteris- 
tic chemical properties is called a 
The —— properties of compounds containing same functional group are simi- 
lar. 

The IUPAC name of —— is ethanoic acid. 

An acid is represented by the functional group ——. 

The alcohol used for driving purposes is called — 

The structural formula for propane is 
А 40% aqueous solution of formaldehyde is known as ——. 

Acetic acid forms an ice like crystal, therefore, this acid is known as ——. 
The ability of carbon atom to unite with other carbon atoms is known as 
The valency of carbon in ethylene is ——. 

Compounds of carbon and hydrogen are called ——. 

Butane is a —. 

Acetylene is an 1 
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(19) Oxyacetylene flame is used in —————. 
(20) The process of burning of a hydrocarbon in the presence of excess of air to 
give CO,,H,O, light and heat is known as 


74 Choose the correct statements of the followings : 

(1) The compound whose formula is C,H, must be an alkene. 

(2) Molecules with carbon to carbon multiple bonds readily undergo addition 
reactions. 

(3) Chemical bonds formed between carbon and carbon or hydrogen in organic 
compounds are generally covalent in nature. 

(4) The IUPAC name for C. H,CHO is propanol. 

(5) The TUPAC name for @н СОСН, is propanol. 

(6) Two consecutive members of the same homologous series differ from each 
other by —CH,—anit. 

(7) Acetylene is used in the ripening of green fruits. 

(8) Analkyl group describes an organic group formed when two atoms of 
hydrogen are taken from an alkane. 

(9) Alkenes and alkynes are unsaturated hydrocarbons. 

(10) Aldehydes contain hydrogen atom bonded to the carbon present in a carbonyl 

group. 


SHORT ANSWER QUESTIONS 

7.5 (a) Classify the following compounds as alkanes, alkenes, or alkynes : 
G) CH,CH,CH = CH, Gi) CH, Gi) CH=CH 
(iv) CH, CH=CH CH, () CHj(CH)CH 


(vi) H,C—C(CHj,—CzCH (vii) —CH,—CH(CH), 
(viii) С,Н,, (ix) CH, CH, (x) CH,—CH, 
(b) Classify the following compounds according to the kind of functional group present: 
6) T G)  H—Cc-O 
i 

H CH, — CHCH, 
m o 
(ii) \\ (iv). 

CH,OH 
с —— OH 
о 

| i 
у) CH, CH, CH, OH w CH,CH, — C — OH 


(c) In how many different ways can you arrange the atoms in the compound having the 
formula C,H,,? What term is used to describe each different compound having the 
same molecular formula ? 


(d) Draw the structures of four alcohols that have the formula C,H,,0. 


(e) What is the difference in the molecular formula of any two adjacent memebrs of à 


homologous series of hydrocarbons, (i) in terms of molecular mass, and (ii)in terms 
of number and kind of atoms in their molecular formulae. 
(f) Select the hydrocarbons from the followings which are members of the same ho- 


mologous series. Also give the name of each homologous series representing the 
hydrocarbons. 


CH, CH, CH, CH, СН, CH, C,H 


4 1 73 
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(a) For each of the following moleucular formulae, indicate whether the compound 
should be an alcohol, an aldehyde, a ketone, or an acid : 
(i) CH,O (ii) С,Н,О (iii) C,H,O, (iv) C,H,O (v) CH,O 


(h) Name the element present in all the following substances : wood, carbohydrates, 
graphite, petrol, paper, diamond, vitamins, plastics. 
(i) Name the allotropic form of carbon having the following properties : 
(a) It is a good conductor of electricity, and (b) It is soft « 
(j) What is the common parent hydrocarbons of the following organic compounds ? 
(i) ethyl alcohol, (ii) acetaldehyde, and (iii) acetic acid. 
7.6 (a) Name two organic compounds which are obtained from plant sources, and two 
which are obtained from animal sources. 
(b) Define the terms (i) organic chemistry, and (ii) organic compound. 
(c) What is meant by a functional group ? Name three compounds representing different 
functional groups. 
(d) What functional groups are present in 
(i) CH,CHO (ii) CH,CH,OH (iii) CH,CH, COOH ? 
73 (i) Write structural formulae for all the isomeric alcohols having the molecular 
formula. С,Н„О (ПТ 1984) 
(2) Write the structure of all the possible isomers of dichlorothene. Which of them 
will have zero dipole moment ? 
(3) Write the IUPAC name of , CH, CH,CH = CH COOH (ПТ 1986) 
(4) Graphite is a better lubricant on the moon than on the earth. 
Comment. (IIT 1986) 
(5) What happens when CO, is passed through a concentrated aqueous solution of 
sodium chloride saturated with ammonia. (IIT 1988). 
TERMINAL QUESTIONS 
7.1 Whatis organic chemistry ? 
72 Why do so many different organic compounds exist ? 
7.3 Why do carbon atoms form four bonds ? 
74 Whatis allotrophy ? Name various allotropic forms of carbon. 
7.5 Write a brief description on the followings : 
(a) tetravalency of carbon (b) carbon chain 
(c) carbon-carbon double bond (d) carbon-carbon triple bond 
7.6 (a) Whatare hydrocarbons? (b) What is an alkane ? (c) Why are alkanes said to be 
saturated ? 
77 (a) What are structural isomers ? 
(b) Suggest as many different isomers as you can that have the formula C,H,,. 
7.8 (a) How does each of the followings differ from an alkane. 
(i) alkene, and (ii) alkyne ? Why are alkenes and alkynes considered unsaturated ? 
7.9 Whatis a functional group ? 
List a few functional groups that you have come across in this unit. 
7.10 What is fermentation? How is alcohol obtained by fermentation process ? What is an 
alcohol ? 
7.11 (a) What do you understand by homologous series ? Explain giving one example 
of a homologous series. 
(b) What are the characteristic features of homologous series ? 
7.12 Explain the differences in the properties of diamond and graphite based upon their 
structures. 
7.13 Give equations for the following : 


(a) Preparation of carbondioxide 
(b) Basic properties of sodium carbonate solutions. 
(c) Formation of acetylane 
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7.14 What are carbides ? Describe a few types of carbides. 

7.15 What is the basic difference between inorganic chemistry and organic chemistry ? 
7.16 Write a short note on fluorocarbons. 

7.17 How does water gas differ from producer gas ? 

7.18 List the important uses of alcohols, halides and nitrocompounds. 


ANSWERS TO SELF ASSESSMENT QUESTIONS 
7.1 (i) Ф). Gi) (а). Gii) ©). (iv) (а). (v) (©) (vi) (с). (vii) (Ы). (viii) (d). (ix) (а). (x) (b). (xi) 
(d). (xii) (c). (xiii) (d). (xiv) (b). (xv) (a) and (d). (xvi) (a) and (c) (xvii) (b). 
7.2. (1) (f). 2. (g). 3. (d) 4. G) 5. (h) 6. (a) 7. (c) 8. (e) 9. (i) 10. (b) 
7.3 1. Aldehydes 2. Propane 3. Methanol 4. Alkanes 5. Diamond, graphite 
6. Functional group 7. Chemical 8. Aceticacid 9. —COOH 
10. Alcholicbeverage 11. CH,CH=CH, 12. Formalin 
13. Glacial acetic acid 14. Catenation 15 Four 16. Hydrocarbons 
17 Saturated hydrocarbon 18. Unsaturated hydrocarbon 19. Welding metals 
20. Combustion 
7.4 Statement 1, 2, 3, 6, 7, 9 and 10 are correct. 
7.5 (a) Alkanes : (ii), (v) (vii), (x) 
Alkenes : (i), (iv), (viii), (ix) 
Alkynes : (iii), (vi) 
(b) Alcohols : (iv), (v) 
Aldehydes : (i), (ii) 
Carboxylic acids : (iii), (vi) 


(с) () CH,—CH,—CH,—CH,—CH, (iii) CH, 
Pentane 
(ii) MICE e Ino CH; 
CH, H, 
2-Methyl butane 2, 2-Dimethylpropane 
Isomers 
(d) (i) CH,CH,CH,CH,OH (ii) CH,CH,CH-CH, 
1-Butanol 
OH 
2-Butanol 
(iii) CH,-CHCH,OH (iv) CH, 
CH, Остон 
2-Methylpropanol 
C 


1, 1 — Dimethyl ethanol 

(e) (1) 14 (ii) -CH,- 

(f) Homologous series : 
Alkane СН, CH, CH, 
Alkyne CH, C,H, 
Alkyne C,H, C,H, 

(в) (1) Alcohol, (ii) Alcohol, (iii) Acid (iv) Aldehyde or ketone (v) Aldehyde 

(h) Carbon 

() Graphite 

(j) Ethane 
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7.6 (a) Plant sources : Sugar, Cellulose; Animal Sources : Urea, Hormones 
(b) (i) Organic chemistry is the study of substances that contain carbon-hydrogen 
bonds. 
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(c) 


(ii) Organic compounds аге compounds of carbon characterized by their non- 
ionic nature, inflammability, etc. 

Compounds like CO, CO,, etc. are not organic compounds. Also compounds 
formed of only carbon and nitrogen are not included among organic com- 
pounds. 

The functional group is an atom or a group of atoms which gives an organic 
compound its reactivity. It is joined to an alkyl group which forms the homolo- 
gous series. It gives the chemical charcteristics of a compound. A long carbon 
chain with many carbon atoms reduces the chemical activity of the functional 
group. Examples of functional groups are hydroxyl, carbonyl, unsaturated car- 
bon-carbon bonds etc. 


(d) Aldehyde (ii) Hydroxy! (alcoholic) (iii) Carboxyl 


@) H, (ii) Sab eae 
р —OH CH, 
CH, 
(iii) CH,—CH,—CH,—CH,—OH (iv) ES a I 
OH 
Two possible isomers of dicholroethene are 
H H [e] H 
Nd od 
/ Pes 
а-а H с 
(ii) 


1, 
Isomer (ii) has zero dipole moment 
2-Pentenoic acid 


It is due to lack of gravity on moon. 
NaCl + NH,OH + со, —— — ——»NaBCO, + NHC 
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UNIT 8 


Energetics 


моа ааа 


Although a typical chemical reaction ... may appear far removed from the 
working of an engine, the same fundamental principles of héat.and work apply, to both. 


F.T. WALL 
mco merece T REL 
UNIT PREVIEW 
8.1. Introduction 
8.2 Units 


83 Some commonly used terms 
8.4 Internal energy 
8.5  Enthalpy and enthalpy changes 
8.5.1. Meaning of enthalpy 
8.5.2. Enthalpy change ` 
8.5.3. Standard states, symbols and conventions 
8.5.4. Conservation of energy in a chemical reaction 
8.5.5. Origimof enthalpy change in a reaction 
8.6 Hess’ law of constant heat summation 
8.7 Heats of reactions 
8.7.1. Heat of neutralization 
8.7.2. Heat of combustion 
8.7.3. Heat of formation 
8.7.4. Heat of fusion and vapourization 
8.8 Sources of energy 
8.9 Criteria for spontaneous change 
8.10 Why the energy crisis if energy is cou-. «ed in Nature ? 
Self assessment questions 
Terminal questions 
Answers to self assessment questions 
LEARNING OBJECTIVES 
At the completion of this unit, you should be able to : 
Understand adiabatic and isothermal conditions. 
Distinguish between exothermic and endothermic changes. 
Differentiate between the energy forms, heat and work. 
Understand internal energy of a system. 
Define enthalpy, (Н) and change in enthalpy,( A Н). 
Recognise that for a constant volume reaction, q,= A Ё. 
Recognise that for a constant pressure reaction, q= А Н. 


Know that state functions such as E, H, V, P, and T are independent of their 
\istory. 
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nterpret the sign conventions used in writing a thermochemical equation. 
Apply Hess’ law to calculate A Hofa reaction when given enthalpy changes 
for other reactions. 
Define various heat of reactions, i.e., heat of formation, neutralization, combustion, 
formation, fusion and vapourization. 
12. Calculate heat of reactions. 
Calculate A. Н fora reaction when given the values of bond energies. 
14. Know various sources of energy. 
Distinguish between spontancous and non-spontaneous changes. 
Recognise that entropy is a measure of the disorder of a system. 
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17. Predict the signof A 5 for physical and chemical processes. 

18. Usethe relation A G= A H-T A S tocalculae Д H, A 5 andT 
when given any two of the three quantities for the system. 

81 INTRODUCTION 

The idea that chemical reactions can produce heat should not be 
new to you. You may recall many chemical reactions which produce 
heat e.g., burning of coal, combustion of food in the body, sodium 
reacting with water etc. On the other hand, there are large number of 
reactions which absorb heat e.g., when steam is passed over red hot 
coke, water gas is formed with the absorption of heat. 

Н,О (steam) + C(s) ———» CO(g) + H,(g) 

When a chemical reaction occurs, bonds of reacting molecules 
are broken with the absorption of heat, at the same time new bonds are 
formed which evolve heat. We can Say that, “the energy changes in a 
chemical reaction are the result of bond breaking and bond forming 
events". 

Heat is not the only energy which is involved in a chemical 
reaction. Energy can be released or absorbed in other forms as well. 
When acidulated water is electrolysed, it is the electrical energy which 
is being absorbed. In the photochemical reactions, energy in the form 
of light is being absorbed, e.g., photosynthesis in the plants. In this 
unit we shall study the Heat energy changes involved in chemical 
reactions. 

8.2 UNITS 

All forms of energy can be measured in joules, abbreviated as J. 
However, calorie or kilocalories (kcal) was quite popular as a unit to 
measure heat before adoptions of SI units. It is still being used in 
Some countries. The relationships between joule and other units of 
energy are given below : 


1J= 1 kg m? s~? 
= 10’ ergs 
= 0.2390 cal 
= 2.390 X 10° ‘kcal 
=1Nm 
Exercise 8.1 : What will be the final temperature of 1 kg of material 
at 300 K after 15.0 kcal of heat is transferred from it ? The specific 
heat of the material is 1.2 cal/deg - g. 
Solution : Lossintemperature = DIEI — ООО =12.5К 
Final temperature = 300—12.5 = 287.5 К or 14.5*C. 
83 SOME COMMONLY USED TERMS 
In the study of chemical energetics, the following terms are fre 
quently used. 


383 


System : It is any part of the universe which is selected for investiga- 
tions. 
Surroundings : The whole of the universe which is around the system 
is known as surroundings. A system may exchange matter and energy 
from the surroundings. For example, consider a reaction taking place 
in a conical flask, here the conical flask and everything else around 
the reaction mixture are considered the surroundings. 

A system, in general, can be of three types : 
(i) Open System : A system which can exchange both matter as 
well as energy with its sur- 
roundings is called an open 
system. Consider evaporation 
of water kept in a beaker. Here 
water takes heat from the sur- 
roundings and evaporates. Wa- 
ter vapour can also condense 
into it. Thus it is an open sys- 
tem. 
(ii) Closed System : A system 
which can exchange energy but 
not matter with its surround- 
ings is called a closed system. 
For example, warming water in 
a closed vessel (Fig. 8.2). Here 
heat energy can enter and e$: 
cape from the system but not 
water vapours. Matter can пей“ 
ther be added to nor removed 
from it. 


Fig.8.2. A closed system 


(ii) Isolated System : A system which can exchange neither energy 
nor matter with its surroundings is called an isolated system. Water 
kept in a perfectly insulated thermosflask. As flask is insulated, €x- 
change of energy and matter with the surroundings is not possible. 
Adiabatic Change : If a change takes place in such a way that there is 
no exchange of heat between the system and its surroundings, the 
change is said to be adiabatic, Adiabatic conditions can be achieved 
by insulating the interface or boundary between the system and its 
surroundings. An example is a reaction carried out in a thermosflask. 
Isothermal Change : The chemical or physical changes, where the 
system and surroundings are in thermal contact and heat is exchanged 
between the two in such а way that the temperature remains constant: 
are known as isothermal changes. 
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State of a System : While investigating a system, it is necessary to 
know its properties before and after a change. This can be done by 
specifying the temperature, pressure, number of moles of each compo- 
nent and their physical forms. When these variables are specified, the 
state of the system is known precisely. 

State Functions : Properties of a system such as temperature, pres- 
sure, internal energy, enthalpy which depend only on the state of the 
system, no matter how that state is attained, are known as state func- 
tions. 

Direction of Heat Flow : Consider the arrangement of two beakers A 
and B filled with water (Fig. 8.3). Though A has lesser quantity of 
water, yet on opening the stopper, S, water flows from the 
beaker A to beaker B. Wa- 
ter will never flow from 
beaker B to beaker A of its 
own, i.e., without the ex- 
ternal help. Why? The an- 
swer to this question is, 
"the beaker A is at the 
higher level than the 
beaker B, and as such wa- 
ter in it has higher poten- 
tial energy". Similarly 
when a system and its sur- 
roundings differ in (i) tem- 
perature or (ii) pressure, 
exchange of energy be- 
tween the two can take 
place. As water flows from 
higher level to lower 
level, similarly, heat 
flows from higher tem- 
perature to lower tem- 
perature until the two 
Le., system and its sur- 
roundings attain the same 
temperature. Temperature 
does not measure the 
quantity of heat energy, it 
simply predicts the direc- 
tion to which heat energy can flow. When there is a difference in 
pressure, energy flows in the form of work. Consider a system con- 


Fig. 8.3. Flow of water from 
higher level to lower level 


Fig.8.4. Pressure volume work. 
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sisting of a cylinder ‘C’ fitted with a frictionless and weightless pis- 
ton. When the piston has position as shown by yy (Fig.8.4) pressure 
inside the cylinder and atmospheric pressure are P, and P respectively. 
Let P, be greater than P, then the piston will move upward till the 
pressure inside the cylinder is also P atm, the new position of the 
piston is x x and the change in the volume of the gas inside the 
cylinder is А У. In this process the system does work equivalent to 
P .Av V on the surroundings and an equivalent amount of energy in 
the form of work is transferred to the surroundings by the system. 
Sign Conventions : The sign convention that applies is that when a 
system absorbs heat, say ‘q’, it is a positive quantity. q is negative 
when the system loses heat. 

w is a positive quantity when work is done by a system. w is a 
negative quantity when work is done on the system. 


HE^T 
HEAT 
ABSORBED GIVEN OFF 
(q is * ve, since the energy of (q is —ve, since the energy 
the system increases) ` of the system decreases) 
SYSTEM 


эм 


Fig. 8.5. Sign convention for heat flow 
8.4 INTERNAL ENERGY 
The internal energy, Е of a substance is the sum of all the types 
of energies a substance can possess. This includes energies due to 
translational, rotational and vibrational motions (Fig. 8.6), coulombic 
energies between electrons and nuclei in atoms and the potential ener- 
gies due to attractive or repulsive forces acting between molecules. 


TRANSLATIONAL ^ ROTATIONAL 
VIBRATIONAL 
MOTION MOTION MOTION 


Fig. 8.6. Three kinds of motions that a molecule may possess, each 


contributes to the total kinetic energy. 


The absolute value of internal energy cannot be determined. However, 
the change in internal energy, A Е,сап be experimentaly measured 
from the change in the properties of the system. 
A E= ХЕ(ргойисіѕ) — XE(reactants) (8.1) 
When a closed system absorbs heat, q some of the energy is 
consumed in increasing the internal energy, A E, of the system and 
the rest is used up in doing pressure-volume work,P A V. Therefore, 


q= E+P AV (8.2) 
If the volume remains constant, 
A V=0 
огд,= А Е (8.3) 


i.e., the total heat supplied to the system at a constant volume is used 
up in increasing the internal energy of the system. 

When heat is absorbed by the system, the change is endother- 
mic, if the system loses heat, it is an exothermic change. 
Exercise 8.2 : Calculate the amount of heat produced from the com- 
bustion of 1.6g of methane which burns in oxygen according to the 
following equation : 

CH,(g) + 20, (8) ——» СО, (в) + 2H,O(g) + 2100 kJ 
Is this reaction endothermic or exothermic ? 
Solution : 16g CH, on combustion gives 2100 kJ heat. Therefore, 
1.6g CH, on combustion would produce heat=(2100/16) X 1.6 = 210kJ 
Since heat is given off, q = -210 kJ, has negative sign. 
Reaction is exothermic i.e., heat is given off. 
8.5. ENTHALPY AND ENTHALPY CHANGES 
8.5.1. Meaning of Enthalpy, H : When a reaction is carried out at 
constant volume, the energy change is designated byA E. However, we 
generally carry out reactions at constant pressure i.e., at atmospheric 
pressure. Consider the energy change associated with the reaction be- 
tween calcium carbonate and dilute hydrochloric acid at the room 
temperature. 

CaCO,(s) + 2HCl(ag)—*- CaCl,(aa) + Н,0(1) + CO,(g) 
If the reaction is car- 
ried out at constant 
pressure, e.g., in the 
apparatus shown in 
Fig. 8.7, then the 
gas carbon dioxide. 
evolved does work 
against the atmos- 
pheric pressure. by 
pushing the piston 
outward. In the form 
of work, equivalent 
energy is transferred 
to the surroundings. 


CaCO, (s) + dil HCI 


Fig.8.7. Reaction at constant pressure 
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Thus, ^ E which we measure will not be a true representation of 
the internal energy change, because some energy is being used up in 
doing this mechanical work. We have to take into account also the 
energy associated with this mechanical work. If the reaction proceeds 
with decrease in volume, the work is done by the surroundings and in 
the process the energy equivalent of this pressure-volume work is 
transferred to the system. To handle such situations another property 
known as enthalpy, H, is associated with every substance. The en- 
thalpy, Н, of a substance is defined as the sum of the internal energy 
and pressure - volume, PV energy associated with it, ie., 
H=E+PV (8A) 
Let us consider that under conditions of constant pressure, P and 
temperature, T a system absorbs q, calories of heat, its volume in- 
creases by А V and internal energy increases by A E.We 
further assume that work other than pressure - volume work performed 
is zero, then from equation 8.4 we have 
AH= А Е+Р AV (8.5) 
If heat absorbed at constant pressure and constant temperature is q,. 
then 
q= ^ E+P AV (8.6) 
or а= АН (8.7) 
i.e., heat absorbed, q,, under conditions of constant pressure and tem- 
perature is a measure of change in enthalpy, A H of the system. 
8.5.2. Enthalpy Change, A H 
A compound has a definite amount of energy stored in it which 
is called its enthalpy or heat content* symbolized by Н. It is not 
possible to measure enthalpy of a substance, but the enthalpy change, 
A H, which itundergoesin a physical or chemical change can be meas- 
ured. The energy change at a constant pressure and temperature is 
called the enthalpy change, AH, it is equal to the amount of heat 
exchanged with surroundings at a constant pressure and a constant 
temperature. While studying the enthalpy change for a reaction, the 
apparatus is well insulated and temperature is allowed to change. Then . 
the products are brought back to the temperature of the experiment - 
and heat exchange involved in this process is also taken into account. 
Though the absolute value of enthalpy, H, cannot be measured, yet it 
is possible to measure the enthalpy change associated with a chemical 
reaction. This represents the difference between the enthalpies of the 
products and the reactants. (8.8) 
AH = Нома E Над 
8.5.3. Standard States, Symbols and Sign Conventions 
The enthalpy change depends upon various factors and to com- 
* Heat content of an element or compound depends upon pressure and temperature. To 
compare change in heat content, A H, the temperature and pressure must be identical. For this 


purpose a standard state is defined, when enthalpy change is measured at 298 K and 1 atm 
pressure, the substances are said to be inthe standard state. 
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pare the А Н values of different substances ог reactions some standard 
conditions must be maintained and certain conventions should be fol- 
lowed. The most important of these are given below : 


REACTANTS 


PROCEEDING—» 
HEAT IS ABSORBED HEAT IS GIVEN OFF 


Fig. 8.8. Enthalpy changes 


(i) Amount of substance : Each substance has a definite amount of 
energy stored into it, thus the energy transferred will depend upon the 
amount of the substance which reacts. Therefore, the quantities of sub- 
stances involved must be specified. For example, 

C(s) + О) —* СО, (8), AH=-393kJ 
here one mole C(s) combines with one mole O,(g) and forms 1 mole 
CO,(g) with the evolution of 393 kJ of heat. 

(ii) Temperature : For the comparison of AH values the standard 
temperature taken is 298 K (the choice of this temperature is quite 
arbitrary). 

(iii) Pressure : One atmosphere pressure is taken as standard pressure 
to quote enthalpy values. 

Symbols 

Enthalpy changes measured under standard conditions are de- 
noted by A А, 

State Symbols : It is very necessary to mention the state of sub- 
stances taking part in the reaction as change in state may involve a 
considerable amount of heat exchange. This is being done by writing 
within brackets s, | or g for solid, liquid or gaseous states respectively 
against the symbol or formula of the substance. 

Sign Conventions : When in a change heat is absorbed the 
change is called endothermic and for this A H is positive since the 
heat content of producis is more than that of reactants. AH is 
negative for changes in which heat is evolved. 
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Exercise 8.3 : In the reaction, CO(g) + Og) ——»CO,(g), 335 kJ 
heat is evolved. What is the value of A H? > 
Solution : Since the reaction takes place with the evolution of heat, 
heat content of products would be less than that of the reactants. Thus, 
AH =-335 kJ 
Exercise 8.4 : What is the enthalpy change for the reaction at 298 К 
and 1 atm ? 

CH,(g) + C,H,(g) ——» C,H,(g) 

АН? values for CH,(g), C,H,(g) and C,H,(g) are -75, +52 and 
-99.8kJ mol “respectively. Is this reaction exothermic? 
Solution : AH= A Hy C,H, (g) — LAH” CH,(g)+AH° C,H,(g)] 


==99.8—F75 + 52] 

= —76.8 kJ. As the reaction proceeds with the evolution of 
heat, this is an exothermic reaction. 
8.5.4. Conservation of Energy in a Chemical Reaction 

OXYGEN HYDROGEN On passing electric current 

through acidulated water, 
it is decomposed. 
H,O()—-H.(g) + '/, O,(g) 
On measuring the current 
and voltage for the decom- 
position of one mole of 
water, it is found that 
286.4 kJ of electric work 
has been done. The net re- 


Epiri ye sult can be written as; 
DIRECT = H,O() + 2864 kJ—» 
CURRENT 


H,(g) + '/,0,(g) 
Fig. 8.9. Electrolytic decomposition of water. 


Now if the heat evolved is measured when 1 mole of H,O(l) is 
formed from H,(g) and /,0,(g), an equivalent amount of heat, i.e., 
286.4 kJ is evolved. H,(g) + 1,0,(g)——> Н,0(1 + 286.4 kJ. Figure 
8.10 clearly shows how energy is conserved in a chemical reaction. 
Energy is always conserved: Energyinachemical reaction can neither b. 
created nor destroyed, though it can be transformed from one form to another. 
This is called the ‘law of conservation of energy’. 

8.5.5. Origin of Enthalpy Change in a Reaction 

Here only gaseous reactions are considered because they are 
simple and do not involve interactions with solvent molecules as in 
the case of reactions in solutions nor they involve molecular interac- 
tions of the magnitude as in solids, 


HEAT 


Н, (9) + $ О, (9) 


2 
= Ж 
ЕР E: 
ш 2 (9 и 
БШ = х 
AME : 
ош —— ————— ac. ade 


DECOMPOSITION OF WATER —e 
+——— FORMATION OF WATER 
Fig. 8.10. Energy change in a chemical reaction. 


Let us consider a reaction between H, and Cl, in gas phase. 

Н, + СІ, == 2HCI 
The reaction involves breaking of H - Н and СІ ~ СІ bonds, both these 
processes are endothermic since bond breaking absorbs energy. 

A= Ho Sw A H=437kJ 

Cl-CQ) 4214 A Hz244kJ 
To break 1 mole H, and 1 mole Cl, energy required is 437 + 244 = 
681 kJ. НСІ is formed by the formation of a new bond between Н 
and Cl. 

Н+ Cl—+ НСІ; А Н =—433 kJ. 
Bond formation releases energy : Energy released for the formation 
of 2 moles of НСІ is 2 X -433 kJ i.e.,-866 kJ. Net energy change іп 
the reactionis А Н = (437 + 244)- 866 =—185 kJ. 
8.6. HESS’ LAW OF CONSTANT HEAT SUMMATION 

Since enthalpy is a state function, the value of 4° H fora 

chemical reaction does not depend on the path followed by the reac- 
tants to get converted into products. Let us consider, for example, the 
formation of one mole carbon dioxide, which can be made in two 
different ways. 
1. Carbon burns in air to form carbon dioxide with the evolution of 
393 kJ heat. 


C(s) + О,(в)——> CO,(g), AH 2-393.0 К] 
2. Carbon dioxide can also be obtained in the two steps, as follows 
G) C(s) + /,0,(g-—CO(g); AH=-111.0kJ 
(ii) CO(g) + 1/,0,(g) -»CO,(g); AH =+282.0 kJ 


On combining steps (i) and (ii) we get 

C(s) + O(g) — —* CO,(g); A H =-393.0 kJ 
Here we find that the overall heat evolved in the formation of CO,(g) 
is the same whether the route 1 or route 2 is followed. On the basis of 
these experiments a Russian chemist, G.H. Hess enunciated a law 
(1840) known as Hess’ law of constant heat summation which states, 
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“The enthalpy change (whether heat is absorbed or evolved) for a 
chemical reaction is the same whether the reaction takes place in 
one step or in several steps", 

Hess' law is a direct consequence of the law of conservation of 
energy. It is very useful as it provides a method of determining the 
heat of reactions by Simple addition and subtraction. Using this 
method, heat of those chemical reactions can be easily ascertained 
which cannot be easily performed in the laboratory, for example, 

C()*2H(g) —> СН,(р); AH-? 
carbon and hydrogen do not react readily. .A Н for this reaction can 
be calculated considering the following reactions, 
© Сб)+О,() — СО (в), A Н, =<393;5 kJ 
(ii) 2H,(g) + Ов) —- 2H,O(D, A Н, =—571.8 kJ 
(iii) CH,(g)+ 20,(g) —» СО,(в) + 29,0(1); A H, =-890.3 к) 
It is seen that enthalpy for the reaction, C(s) +2H,(g) —e CH,(g) can 
be calculated by adding (i) and (ii) and then subtracting (iii), 

AH = АН АНАН, 
=—393,5 + (6571.8) —6890.3) kJ 
=—75 kJ 


Exercise 8.5 : Consider two reactions, both of which produce P start- 
ing with A and В but which differ by the intermediate formed : 
(i) A+ B ——- Q 
os Р 
(ii) АКРОВ Ер 
КЕТЕР 
Will the enthalpy change for Teaction(i) be the same as the enthalpy 
change for the reaction (ii) ? 
Solution : Yes. The enthalpy change, A H, does not depend upon the 
path followed, provided initial and final states are the same. 
Exercise 8.6 : It is given that, 
@  C(9*0,g)——e CO,(g) ; A Н, =-393.5 КІ 
G) H (g) */0(g— 5 Hoa); A H,--285.9 kJ 
(ii) C,H,(g) + 30,00) — 2CO,(g) + 29,0(); A H, =-1430.9 kJ 
Calculate A H for the reaction : 
2C(s) + 2Н,(0)— C,H) 
Solution : Multiply equations (i) and (ii) by 2 and add. On subtracting 
€quation (iii) from the sum, we get, 
2C(s) + 2Н,(в)————›. C,H, (2) 
=2 AH +2 A i A H, 
= [2 X €393.5)+2x (-285.9) - (-1430.9)] 
-72.1kJ 
Exercise 8.7 : Given : 


G) Sn(s) «CI, (gj —  —5. SnCL(s);.A H, =-349.8 kJ 


J^ n: 


(i) SnCL(s) + CL(g)—— ——e SnCL(); A Н, =-195.4 kJ 
Find the heat of reaction; Sn(s) + 2CL(g) ———>SnCl, (1) 
Solution : By adding the equations (i) and (ii) 


Sn(s) + 2CL(g)— —— Sn, (1) 

or AH = AH,+ А Н, 
z-349.8- 195.4 
=-545.2 kJ 


87. HEAT OF REACTION 

When chemical reactions take place they are accompanied with 
either the absorption or evolution of energy. The amount of energy 
evolved or absorbed depends upon the quantities of the reactants, 
Burning of 1 g coal produces less heat in comparison to the heat 
produced by burning of 1 kg of coal. 5 g NH,NO, (s) on dissolution in 
1 litre water would produce less cooling compared to the cooling due 
to 50g NH,NO,(s) dissolved in the same volume of water. Thus heat 
of a reaction is defined as the amount of heat evolved or absorbed 
(enthalpy change) when the stoichiometric quantities of reactants as 
represented in a balanced chemical equation change into products. Ifa 
chemical equation also takes into account the heat change it is called a 
thermochemical equation. For example, we can write a thermochemi- 
cal equation for the formation of water as, 

H,(g)+ 1/, O,(g) —— Н,0(1); AH,5, = -286 kJ 

Here when one mole H.(g) combines with 0.5 mole O,(g) to 
form оће mole Н,О(1), heat evolved is 286 kJ, which is the heat of the 
above reaction. 

Heat of reaction depends upon : 

(i) ће quantities of the reacting substances, 

(ii) the states of reactants and products, 

(iii) the temperature of the reaction, 

(iv) whether the reaction is carried out at constant volume or at con- 
stant pressure. 

When a chemical reaction takes place, the energy released is not 
always in the form of heat. The nature of energy released depends 
upon the conditions of the reaction. For example, ignition of H, and 
O, mixture releases energy in the form of heat, light and mechanical 
work, When the same reaction is carried out in a fuel cell, the energy 
released is in the form of electricity. 

Exercise 8.8 : Find A Hj, of formation of ethyne using the 
following data : 


@ CHE) +7 0J@)=2C0,@) + HOW: A HP =-1123 Kd 
Gi) C(s) + O,(g) = CO(g), A Н =-393,5 kJ 
(ii) H,(g) + 1/,0,(g) = H,O(g); A Hez-2418 kJ 


Solution :From the reaction (i) we have, 
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A H=2x 4H? CO,(g) «^H; H,O(g)— A НР C,H,(g)—*/, A H? 0,(g) 


Substituting the values of A H|: we have, 
-1123 22x -393.5 +-241.8— A H? CH. (g)—5x0 
^ н? C,H, (g) = 94.2 kJ то 

Exercise 8.9 : Calculate the standard enthalpy change, A H , for the 
oxidation of ammonia NH,(g) to form nitric oxide, NO(g), and water, 
H,0(1), from the following data: 
Compound NO(g) H,O() МН, (в) 
А Н, (kcal тор!) 21.52 —68.10 -11.12 
Solution : The enthalpy change, A Н? refers to the change in heat con- 
tent between the products and the reactants for a reaction in which 
each reactant and product is in its standard state. 


A TE in => АН кызк) э X AH run 
The balanced equation for the oxidation of NH, is 
4NH,(g) + 50,(g) — 4NO(g) + 6H,O(1) 
A Hoin = [4A Н, NO(g) + 6(A H? Н,О(1)) 
-4( AH?,NH,(g) —5@H?,0,(2)] 
= [4(21.52) + 6€68.10)— 4(-11.12)—5(0)] = 
-278.04 kcal 
: -278.04 kcal is the heat of the reaction as 
expressed by the balanced cliemical equation in which 4 moles of 
NH,(g) are oxidized. Thus for 1 mole of МН, (g) it will be 


E = 269.51 kcal moH 


8.7.1. Heat of Neutralization 

You have learned about the neutralization reactions. Reaction 
between an acid and a base is referred to as neutralization and it is al- 
ways accompanied with the evolution of heat, The heat of neutraliza- 
tion is defined as the amount of heat evolved when 1 g equivalent 
of an acid combines with 1 g equivalent of a base in a dilute solu- 
tion.' Heat of neutralization can also be defined as the amount of heat 
evolved when 1 mole of water is formed from the reaction between an 
п and a base in dilute solution, The neutralization reaction is essen- 
tially, 

H"(aq) + OH” (aq) ——e H,O() 

From the experimental observations, it is evident that heat of neutrali- 
zation of most of the strong acids and Strong bases is always 57.1 kJ. 
However, the heat of neutralization of a strong acid and a weak base 
ee _ 


* " = : 
cies solution we mean that there is no enthalpy change on further dilution of the 
ution. 
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or a weak acid and a weak base or a weak acid and a strong base is 
always less than 57.1 kJ. It is considered that this difference of energy 
57.1 kJ. - heat of neutralization) is used up in the dissociation of the 
weak acid or the base. 
Exercise 8.10 : Considering the heat of neutralization equal to 57.1 kJ, 
find out heat of neutralization of the following reaction : 
(i) 0.2 mole of HCl combine with 0.2 mole of NaOH, 
(ii) 250 cm? of 2M H,SO, combine with 500 cm? of IM NaOH. 
Solution : (i) As the normality of HCl and NaOH are the same as 
their molarity, we know, 

1 g equivalent of an acid combines with 1 g equivalent of a basc 
to give 57.1 kJ heat. 

0.2 g equivalent of an acid combine with 0.2g equivalent of 
base will give 57.1 x 0.2 kJ heat = 11.4 kJ, A Н =-11.4 К]. 
(ii) 1а 250 cm? of 2MH,SO,, number of g equivalent 


752309502530 = : 
O00: Ул. 000 =1g equivalent 
In 500 cm? of 1 M NaOH, number of g equivalent 
_ 500 x1 


1000 =0.5 g equivalent 


In this case, 0.5 g equivalent of NaOH will neutralise 0.5 g 
equivalent of H,SO, leaving rest of the H,SO, unreacted. 


Heat evolved = 57,1 X 0,5 
= 28.5 kJ 
or AH =-28.5 kJ 


8.7.2. Heat of Combustion 

Combustion reactions are those which are accompanied with the 
evolution of large amount of heat and light energy. These reactions 
are very useful for the survival of the mankind. While combustion of 
food directly provides heat energy to the body, combustion energy of 
fuels are utilised for all types of comforts of the mankind. Heat of 
combustion is defined as "the amount of heat evolved when 1 mole 
of a substance is burned completely in excess of oxygen". For ex- 
ample, heat of combustion of carbon is 394 kJ mol. Heat of combus- 
tion of some of the substances is given in Table 8.1. 

TABLE 8.1. Heat of combustion 


Substance Heat of Substance Heat of 
combustion combustion 
(kJ mot- 9 * (kJ тоі-) 
C(s) - 394 C,H,OH (1) — 1391 
H,(g) — 286 Glucose (s) — 2900 
CH,(g) —890.3 Benzoic acid (s) = 3536 
C,H,@) +1324 Phenol (s) — 3200 
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Exercise 8.11 : Calculate the amount of heat evolved when 100 g each 
of carbon, butane and benzoic acid are burned in excess of oxygen. 
(Heat of combustion of C (s) = 394, butane = 2600 and benzoic 
acid = 3536 kJ per mole). 
Solution : 1 mole of C = 12 g of C 
12 g of C produces heat = 394 kJ 
100 g of C will produce heat _ 394x100 _ 3283 kJ 
12 
100 g of butane will give heat = 2600 x 100/58 = 4482 И 
100 р of benzoic acid will give heat = 3536 x 100/122 = 2898 kJ. 
Exercise 8.12 : (i) A cylinder of LPG contains fuel equivalent to 14.2 
kg of butane. If a family needs 40,000 kJ energy per day for cooking, 
how long the cylinder will last ? 
(ii) If air supply to the burner is defective which results in a 
13% wastage of fuel, how long the cylinder last? (Heat of combustion 
of butane is 2600 kJ). 
Solution : (i) Total amount of heat produced by the gas in the cylinder 
= 14.2 x 2600 x 1000/58 = 6,36,551 kJ 
Number of days the cylinder will last = 636551 


-40000 
= 16 days 
(ii) At 13% wastage, heat produced will be = 636551. 87 
100 100 
= 553800 kJ 
Number of days the cylinder will last = от 
= 13.8 days 


8.7.3. Heat of Formation 

In a chemical reaction, elements and compounds are converted 
into another compound and this process will either absorb or release 
energy. The heat of formation of a substance is defined as the 
amount of heat evolved or absorbed in the formation of 1 mole of 
that substance from its elemental constituents, Heat of formation is 
represented as A H,. 

It is the standard convention that heat of formation of elements 
in their standard states is always taken as zero. In thermochemical 
conversions, the standard state of a substance is taken at 298K and 1 
atm pressure. Thus, standard heat of formation (AH?) of a substance 


will be its heat of formation at 1 atm and 298K. Standard heat of 
formation of certain substances are given in Table 8.2. 
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TABLE 8.2. Standard heat of formation 


Substance AH? Substance А Substance А H°, 

(kJ mor) (kJ тої") (kJ mor’) 
H,0() -286 CH,(g) -75 HNO, (l) -173 
H, O(g) -242 C,H,(g) -85 NaCl(s) -411 
HF(g) -269 CH,@) +52 ALO,(s) -1670 
HCl(g) -92 C,H.(g) +227 CaSO,(s) -1430 


Heat of formation, A H,,is very useful in calculating the heat of 
reaction A H. 


А Н мы = УАН" есас) ZAH? ee 0008 (8.9) 

Exercise 8.13 : Calculate the heat of formation of H,SO,(I) at 298K 
from the following data : 
) S()*0(g — > 50,(8); А Н 2-2969 kJ 
(i) SO;(g)-*'4O(9— SO,(g); АНз-972 kJ 
Gii) H,(g) + /,0,(g) —* HO(D; AH =-285.9 kJ 
(v) SO,(g) + Н,0()—» Н,80,(1); А Н =-130.3 kJ 
Solution : Adding equations (i) to (iv), we obtain 


S(s) + H,(g) + 20,(g)—> H,SO,(); AH =AH,=-810.3 kJ 
Exercise 8.14 : Given heat of formation data 

Substance Na,O,(s) Н,0(1) NaOH(s) 

A He (kJ mol?) -504.6 — 286.0 – 426.8 


Calculate the heat of the reaction, 

2Na,O,(s) + 2Н,0() —* 4NaOH(s) + O,(g) 
AH = ЗАН? Vue) XA s 

Substituting the value of A H°, 


=[4x А He NaOH(s)+AH? O,(g)) 
{2х A Hp Na,O,(s) + 2x A Hp H,0()| 
= [4x(-426.8) + 0] — [2x—504.6 + 2 х-286.0] 
=-1707.2 + 1581.2 
= —126.0 kJ 
8.7.4. Heat of Fusion and Vaporization 
A substance can exist in solid, liquid or gaseous phase. Ice eas- 
ily melts at room temperature into liquid, and liquid water can be 
easily evaporated into gas phase. These state conversions are always 
accompanied by either evolution or absorption of heat. A solid can be 
converted into liquid phase by the absorption of heat. The process is 
also referred to fusion. 
Heat of fusion of a substance is the amount of heat absorbed 
when 1 mole of the solid is converted into liquid at a constant tem- 
perature (melting point). Heat of fusion of ice is 6.01 kJ per mole. 


(reaction) 
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Heat of vaporization of a substance is the amount of heat ab- 
sorbed when 1 mole of the liquid is converted into gas phase at a 
constant temperature (boiling point). Heat of vaporization of water 
is 40.7 kJ per mole. 

Hj0() ———» Н,0(0); A H,,-4407XJ 
For a substance, the enthalpy of vaporization is higher as compared to 
that of fusion. This is because of the weaker attractive forces involved 
in the gaseous state. 

8.8. SOURCES OF ENERGY 

Energy is a vital requirement to improve agricultural production, 

turn the wheel of industry, provide goods and services throughout the 


nation, and to improve the quality of life of our people. The science — 


tells that we cannot create energy, then from where we get the energy? 
There are various types of sources of energy. The energy can be easily 


harnessed from the sun, air, water and earth. The earth contains à _ 


. large amount of substances which can be used as sources of energy. 
The chemical substances which provide energy by the process of com- 
bustion are referred to fuel. The fossil fuels - coal and petroleum, were 
formed from the remains of the extinct vegetable life below the earth 
crust under the high temperature and pressure conditions. The entire 
coal réquirements are met from indigenous production which was 114 
million tonnes in the beginning of the decade 1980-1990. Indigenous 
production of petroleum is stepped up and today more than 50% need 
of the country is fulfilled from within. 

. We can classify the various sources of energy into : 
(i) | Commercial and non-commercial 
(ii) Fossil and renewable. 


зуут 
rela 
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Fig. 8.11. Solar thermal water pump. 
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Apart from fossil fuel, the commercial sources of energy include 
hydroelectric and nuclear power. This forms about 60% of the total 
energy consumption. The remaining 40% of energy is obtained by 
non-commercial sources which include firewood, agricultural waste 
and animal dung. This type of energy sources are very popular among 
village folks who constitute 80% population of the country. 

In recent years, there has been a major and sustained effort to 
expand indigenous commercial sources of energy as well as to rapidly 
develop the new and renewable sources of energy. The new sources of 
energy include solar, biomass, wind, electrochemical storage, geother- 
mal, hydrogen and ocean (tidal) energy. 

India has a significant level of solar insolation over wide re- 
gions, The total solar energy received by us is 6 x 10'* MWH annu- 
ally. This is about 105 times the entire requirement of our country. 
Though solar energy is abundantly available but it is diffused and 
intermittent. The appropriate collection and storage of this energy will 
help us to sovle our energy problems. Presently only a small amount 
of solar energy is harnessed by the use of solar cookers, solar stills, 
solar water heating systems, solar crop dryers, solar pumps, solar 
power plants and solar cold storages. Some of these systems use solar 
cells which directly convert solar energy into electrical energy. 

Wind energy is an- 

other renewable en- 

ergy source. Though 

the speed of wind is 

low in most parts of 

the country, the 

wind mills which 

can operate at low 

wind speed have 

been developed and 

traditionally used in 

the past. Wind mills 

extract kinetic en- 

ergy from the wind 

and convert it into 

useful shaft power. 

The wind mills are 
commonly used for 

grain grinding, fodder cutting, water pumping and for generating elec- 
tricity. 

Bioenergy is available as biomass and biogas. Biomass is produced as 
a result of solar energy conversion through photosynthesis. It can di- 
rectly be used as a fuel or can be easily converted into liquid or gase- 
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Fig.8.12. Domestic solar water heater. 


ous fuels. Biogas is produced trom animal dung, sewage, crop residue, 
vegetable wastes, poultry droppings, pig manure efc. Only from cow 


dung 2.2x10!? m? of biogas can be produced annually. 


rbi. 


adopted are : 
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more efficient combustion of fuels 


waste heat recovery 


total energy system concept 
recycling of raw materials 


‚ Fig.8.14. Family type biogas plant 


Nuclear power 
is another major 
area which will be a 
big source of energy 
for tomorrow. Nu- 
clear fission and 
fusion reactors are 
very important. In- 
dia entered in the 
field of nuclear en- 
ergy by commission- 
ing the plant at Tar- 
apore. We have also 
stalled nuclear 
plants at Kala- 
pakkam and Narora. 
India believes in the 
peaceful uses of nu- 
clear energy and 
more emphasis is in 
the form of electric 
energy and in the 
medicine. Nuclear 
torches are used t0 — 
cure the most dread- - 
ful disease - cancer. 

Apart from 
developing new 
sources of energy, it 
is also essential to 
conserve 
Some of the meth- 
ods which can bé 


effective utilisation of by-product fuels 
efficient heating methods and appliances 
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7. development of more efficient energy conversion tech- 

niques 

8. improvement in the existing designs of auto-machines, 

electric motors eic. 

The consumption of energy also reflect upon the quality of life 
in the country. Though we are a developing country, but in the utilisa- 
tion of energy, we are far behind even from the small and underdevel- 
oped countries. The per capita utilisation of energy of some of the 
countries is given in Table 8.3 


TABLE 8.3. Consumption of electrical energy in India compared with consumption in 
a few other countries 


Country Estimated electrical energy consumption per person 
per year in (KWH/person/year) (1984-85) 
India 220 
China 340 
Singapore 3500 
Great Britain 4700 
USSR 5100 
Japan 5200 
USA 14500 


8.9. CRITERIA FOR SPONTANEOUS CHANGE 

Spontaneous processes are those which naturally occur without 
the aid of any external agency. Flow of water from higher level to 
lower level, flow of heat from higher temperature to lower tempera- 
ture, evaporation of water, melting of ice, dissolution of sugar in water 
and combination of hydrogen and chlorine in sunlight to give HCl(g) 
are spontaneous reactions in nature. On the other hand there are a 
large number of physical and chemical changes which need some ex- 
ternal energy so that the change can take place,e.g., reaction between 
the H,(g) and O,(g), decomposition of KCIO,, formation of SO, at 
room temperature etc. These changes are non-spontaneous. 

Let us have a close look at some of the spontaneous processes. 
Consider reaction between aluminium and bromine. As soon as the 
two come in contact, the chemical change takes place with the evolu- 
tion of heat. Same thing happens when sodium or potassium is brought 
in contact with water. These reactions are exothermic in nature; i.e., 
heat is evolved during the change. Now what is the relation between 
the enthalpy or heat content of the reactants and the products. 

The energy considerations reveal that heat content of products is 
less than that of the reactants. Thus, one can safely say that the reac- 
tions in which enthalpy of products is less than that of reactants 
will be spontaneous. Is it the sufficient condition for spontaneous 
process? The answer is no, because, in nature, there are several reac- 
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ка 
когато, Heal I absorbed, therefore, the heat content of prod- 
uct will be more than that of the reactants. Evaporation of water, dis- 
solution of NH,CI in water and melting of ice are endothermic reac- 
tions but are spontaneous in nature. In solid ice, the arrangement of 
molecules follow a certain order and relative position of H,O mole- 
cules are almost fixed. In liquid water, the molecules exchange their 
positions quite frequently but still for a small duration their positions 
are somewhat fixed. However, in the vapour phase, the water mole- 
cules change their positions at a very high rate as these are constantly 
moving at high speed. How can one differentiate the various states? 

In routine life, we all appreciate an arranged house, a properly 
arranged library, a pack of new rupee notes, a well looked garden etc. 
This is because the systems have order ог symmetry. A pack of old 
notes partly torn or mutated are not liked because of disorder or ran- 
domness. But human liking and spontaneous reactions have different 
attitude towards randomness. A spontaneous reaction which proceeds 
with the absorption of energy, e.g., melting of ice and evaporation of 
water, is always associated with more random arrangements. Thus, we 
can say that vapours of water possess more disorder than the water 
which in turn is more disordered when compared with ice. Thus an 
endothermic spontaneous reaction is always associated with more ran- 
domness or disorder. 

Disorder or randomness of a system is measured in terms of 
entropy. It is denoted by ‘S’ and is a state function. Though it is 
not possible to find absolute value of entropy, the change in en- 
tropy,AS, during a reaction can be easily ascertained. 

AS=25 a = КИШИН (8.10) 

From the on going discussion, it is evident that a spontaneous 
reaction must follow two criteria : (i) decrease in the enthalpy and (ii) 
increase in the disorder or entropy. The enthalpy changes are meas- 
ured in the units of joule while the entropy changes are measured in 
the unit of JK—. The entropy change of an isothermal system can be 
correlated with the amount of heat supplied or withdrawn If AQ is the 
amount of heat. supplied to an isothermal System at the temperature 
TK, the entropy change will be given by 


AS- AQ 


| T (8.11) 
How does entropy change in different systems? 


Even a visual examination of system during the change can provide 
the answer to this question. A generalisation can be made using the 
following concepts : 
1. Conversion of solid into liquid, liquid into gas or solid into gas 
increase the entropy while reverse changes decrease the entropy. 
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products results in an increase in entropy while decrease in number Or 
moles decreases entropy. 

3. Mixing of two or more substances into a homogeneous state always 
increases entropy. 

We have seen that a spontaneous reaction is accompanied with 
decrease in enthalpy and increase in entropy. J.W. Gibbs studied the 
role of these concepts on the spontaniety of reactions. He introduced a 
new concept named as free energy and denoted by G. The free energy 
is also a state function and it is related with enthalpy and entropy 
using the relation, 

G=H-TS (8.12) 
It is easy to determine free energy change for a reaction at constant 
temperature 
AG= AH-T AS (8.13) 

Gibbs suggested that a spontaneous reaction always results a 
decrease in free energy. Alternatively, we can say that a change will 
take place spontaneously only when free energy flows from higher 
level to lower level. Thus, if, e.2., AG > 0, the reaction will not take 
place while forAG < 9, the reaction will spontaneously occur. For 
AG = 0, the reaction attains a state of equilibrium. 

The favourable conditions at whichAG will be negative, can be 
expressed in terms of enthalpy and entropy changes also. A reaction 
may bave negative or positive values of entropy and enthalpy. But will 
it be spontaneous or not, can be predicted from the Table 8.4. 


TABLE 8.4. Prediction of direction of reactions with different signs of A H and. A.S 


AH AS AG Remarks 
е *ve ave Reaction will be 
spontaneous at all temperatures. 
-ve ме —ve if (i) spontaenous at low temperatures. 


A.H»TAS (ii)non-spontaneous at high temperatures. 


+ve *ve -ve if (i) spontaneous at high temperatures. 
TAS>AH  (ii)non-spontaneous at low temperatures. 


+ve -уе *ve non-spontaneous at all temperatures. 


Exercise 8.15 : Determine the sign of entropy change in the following 
reactions : 

G) МНС!) ——— NH,(g) + HCKg) 

Gi) 2H(g) + Og) ——— 2H,0() 

(iii) CaCO,(s) CaO(s) + CO,(g) 
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(iv) CO (s) ——- CO,(g) 
(v) Lit +nH,O(aq) ———» Li(—,0)’, 
(vi) Normal egg ——————> hard boiled egg 
Solution : (i) 1 mole of a substance in the solid state forms 2 moles of 
gases, hence А S>0. Positive 
(ii) 3 moles vapours change to 1 mole liquid,, A $«6. Negative 
(iii) A S>0. Positive 
(iv) А 5>0, Positive 
(v) Moreorder, А 5<0. Negative 
(vi) Моге огдег, А 5<0. Negative 
Exercise 8.16 : Calculate the entropy change A 5 рег mole for the 
following reactions at 298K. 
@ Hg) + 1/208) ——» Н,О(в) 

А H=-241.60 kJ 

A G=-228.40 kJ 
(ii) CH,OH() ——- CH,OH(g) 

A Н „= 23.9 kJ ; Boiling point = 338K 
Solution : We know 

A G= AH-T А S 
о A S= AH— AG 
т 

(i) Substituting the values 


A S= Бао 228.40) x 1000 =443 JK% 
(ii) А 5 = 23.9Х10 _ =} 
ЗО 70.7 JK 
Exercise 8.17 : Will the reactions, 
G) — 2HKg«CL(g ——» 1,5) *2HC(g) 
(ii) H,S(g)+Cl(g) ———» 2HCl(g) + S(s) 
proceed spontaneously in the forward direction at 298K? 


Given: 
Substance А G, (kJ тон) 
HI(g) 1.8 
HCI(g) -95.2 
HS —33.8 
For reaction 
i) A G=2X-95.2-2 x 18 
= —194 kJ 


since A G is negative, the reaction is spontaneous 
Gi) AG -2 X—95.2—(—33.8) 
i =-156.6 kJ, reaction is spontaneous. 
8.10 WHY THE ENERGY CRISIS IF EN OF 
SERVED IN NATURE ? EU UM 
As the population of the country is increasing, 
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the sources of en- 
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ergy are utilised at a higher rate. This will certainly cause a crisis for 
the energy. The available form of fuels which supply energy to us are 
becoming rarer day by day. The increasing cost of coal and petrol is 
putting a check on the utilisation of these soruces of energy. But why 
the crisis when energy is conserved in nature? 

Let us study the energy utilisation and conservation reactions. 
The huge amount of coal or firewood is converted into energy when 
required. An average family in India utilises various sources of energy 
to have 40,000 joules of energy per day for cooking alone. Though 
large amount of energy reserves are available which were formed over 
a very large numbers of years in the beginning of civilisation. The 
burning of fuel releases carbon dioxide into air and this process is very 
fast. To reform this, considerable efforts are needed by the nature. In 
the form of photosynthesis, nature converts carbon dioxide to fire- 
wood. But this process takes much longer time. At the same time, it is 
à common experience that the efficiency of all the processes is always 
less than 10096. Conversion of coal into heat is accompanied by the 
discharge of light. Though energy is conserved but by these side proc- 
esses, a portion of energy is always converted into those forms which 
cannot be recovered back. The engines based on carnot cycle utilise 
only 20-40% of the energy produced by burning of fuel. The effi- 
ciency of an engine which is defined as 

work done by the engine 

energy supplied to engine 

Free energy change also provides information about the maxi- 
mum useful work which can be obtained from any process. The en- 
ergy which cannot be converted into useful efforts is utilised to in- 
crease the entropy of universe. Energy crisis is actually resulting from 
the fact that whatever energy we utilise, it cannot be converted back 
into the same form without more expensive and less convenient meth- 
ods. 


isalwayslessthanunity. 


SELF ASSESSMENT QUESTIONS 


MULTIPLE CHOICE QUESTIONS 
8.1,  Puta( v ) mark against the most appropriate choice: 
(i) At constant volume, q equals: 
(a) АН" () AE () AG @ PAY 
(ii) For an adiabatic process : 
(a) Р.А V-0 ()4=0 (с) AT=0@) AE-q 
(Gi) ^ Whatis А Nps for the combustion of one mole of ethanol (І), when both 
reactants and products are at 298K? 
(а) -1 (b) 0 (с) +1 (4) 3 2 ] 
(v) Тһе combustion of 0.1 gof methane causes a temperature rise of 2.0°C in a 
bomb calorimeter that has a heat capacity of 500 joules*C. What is the internal 
energy change per mole of methane for the combustion? 
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(a)  «160kJ (b) 1k)  (9-160kJ @—1 kJ 
(v) Given the following thermochemical data: 
Fe,O,(s) + CO(g) ——* 2FeO(s) +CO,(g); 4 Н=-28КЮ] 
Fe(s)+CO,(g) ———* FeO(s)+CO(g); A H= +10.8 kJ 
A H in kJ for the reaction : m 
Fe,O,(s)  3CO(g) ———» 2Fe(s) + ЗСО, (в) will be: 
20 A 80K) ( 136K () -244k] (d -13.6k 
(vi) Which of the following must be true for a spontaneous change? 
(a) AG>O (b) AH>O (©) T ^ 5<0 (d) ASau? 
(vii) Which of the following statements is incorrect ? 
(a) Р А V can have unit of joules. 
(b) Energy can be transferred as heat or work 
(c) Inan endothermic process temperature remains constant 
(d) Reactions which do not involve gases, AH = A Ё. 
(viii) For a spontaneous endothermic process 
а) AH=0 (b) AHO (с) AS>0 (dAG»0 
(ix) ^ Indicate which of the reactions of formation of nitrogen oxides can pro- 
ceed spontaneously at any temperature 
(а)  N(g*20(g)-2NO(g; A H>0 
(b NO(g) + №, (в) = №0,(5); 4 H*«0 
(с) N,(g)+0,(g)=2NO(g); А «0 
(d) 2N,(g)*O,(g)-2N,O(g; А НО 
(x) What is the sign of A G for the process of ice melting at 263K? 
(à А60 (b AG=0 ()AG<0 (d)  Noneof the above. 
Fill in the blanks 
(i) The thermochemical equation 
H,(g) + 1/20,(g)________,.H,O(g) + 57.0 kcal shows that the heat 
content of H,O(g) is _______, than that of H(g) + 1/20,(g) 
(i) ^ The reaction H,(g) + 1/20,(g)____, H,0() + 68.3 kcal shows that the 
heat of combustion of hydrogen is ——kcal mol. 
(ii) Тһе Greek prefix for into is endo; hence reactions that 


heat are 
described as endothermic reactions. During such reactions, the temperature 
of the reactions system will 
(iv) Formation of a chemical bond is а process in which heat is , the 
reaction would be an —— reaction. 


(у) The heat energy q absorbed by a gasis А H if ——is kept constant. 
(vi) Тһе heat liberated or absorbed in the reaction X——____ Y depends only 


upon the relative contents of —— and —— and not on whether the reac- 
tion is stepwise or J 
(vii) Indicate the relative heat contents of A and B on the diagram given below 
using the information that the reaction А ——» B is exothermic. 
i 
а aS 
3 
REAGENTS 
(viii) А handbook li i 
) Xn dass the reagents heat of formation of NH, (g) as—40 kJ тој 
2NH (8) ——> N,(g) + 3H,(g) 
AA is ——__ 
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8.5 


8.6 


8.7 


8.8 
8.9 


(ix) When one mole of water Changes into steam at 373K, and 1 atm, the 
entropy ——. 

(x) Crystallization of sugar from its saturated solution results in the 
of А 

Point out the correct statements of the followings. 

() For any chemical reaction carried out in any manner the quantity of heat 
associated with the reactionis A E-w 

(i) ^ A full boiled egg has higher entropy than a half boiled egg. 

(iii) ^ Amorphous glass has higher entropy than crystalline glass. 

(iv) ^ Entropy decreases on separation of a mixture into its constituents. 

(у) For a reaction to occur spontaneously, A H must be negative. 

(vi) The intemal energy of an isolated system is constant. 

(vii) — Enthalpy is a state function. 

(viii) Тһе enthalpies of all the elements in their standard states at 298K are taken 
to be zero. 

(ix) А gas shows cooling effect in isothermal expansion. 

(x) Bond breaking is an endothermic process. 

Match the following choosing one item from column X and the appropriate 

item from column Y 


Column X Column Y 
AE (0) Hess” law of constant heat 
summation 
—AH Gi) ^ increase in disorder 
q=4 E+w (iii) ^ spontaneous reaction 
AH- AE+ AnRT (iv) endothermic 
AS>0 (v) relationship between q, and q, 
А Gdo Wi) 4 
^H»0 (vii) heat of combustion 


2C(s)+H,(g) ——C,H,g) A H- 17kl (viii) exothermic 
C,H,(g)+30,(g) —e 2CO,(g)+2H,0() (ix) conservation of energy 
А H=-1500 kJ 

C(s) + /,0,(g) ——* CO(g))A H-x (х) heat of formation 
CO(g)+ 1,0,8) —® CO,(g) A H-y 

C(s)+O,(g) ——® CO,(g) AH=x+y 


SHORT ANSWER QUESTIONS 


For the following reactions state : whether the tendency towaras minimum energy 
favours reactants or products. 

(i) H,O() ——» Н,0(5); ^ H--70kJ 

(ii) ^ CaCO, (з)+1620 — —* СаО() + CO,(g) 

(ii) 1,68) + 8.0kJ = L (in C;H,OH) 

Classify the following into open, closed and isolated systems: 

(i) a beaker of water being heated on a bumer 

(ii) our Universe 

(ii) a completely thermally insulated sealed box of air. 

The reacion, С (graphite) — — — * С (diamond) is difficult to take place. For 
this reaction calculate AH, if the heat of combustion of H sumeaa) and C (diamond) 
аге 4393. 1and-395.0 kJ то!“ respectively. j 

For Octane, C,H,,, the heat of combustion, A H, із—5200 kJ 

Calculate the amount of heat produced when 1.0 kg of octane bums. 

Given the reactions 

H,(g)+CL(g) ә 2HCl(g); А H--176kl 

2H,(g)+0,(g) | —— 2H,0(): AH =571 kJ 

(i) calculate А H for the reaction 4HCI(g)+0,(g) —— 2CL (g)+2H,0(1) 
(1) ^ calculate A H when one gram НСІ bums. 
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8.1. 


8.2 


8.3 


84. 


8.5. 


8.6. 


8.7. 


8.8. 


As the temperature increases, does the entropy increase or decrease? Why? 
Consider the following diagram: on opening the stopper, S, gas 1 mixes with gas/2 
3 though both gases are at the same 
temperature and pressure. What is 
the driving force? 

The heat of vaporization ( А Н) of water at 378K is 9.6 kcal/mole. The entrcpy 
change is 26 cal/mole —deg. What is the free energy for the conversion of one 
mole of liquid water at 378K into steam? 
Estimate the normal boiling point of CCI. А. Н, = +30.0 kJ mol. The molar 
entropies for liquid and gaseous ССІ, are 205.0 and 298 joules/K respectively. 
Consider the reaction : 
2Ag(s) + Br.) ————® 2AgBr(s) 
For this reaction at 298K and 1 atm pressure, 

А С° ==1925 0; A H=201.4 kJ. 
(0) Do you expect this reaction to be spontaneous at 298K and 1 atm pressure. 
(ii) calculate А 5° for the reaction. 
(iii) ^ What does the signof А 5 indicate about the telative degree of order in 
the reactants and the products? 

TERMINAL QUESTIONS 

The intemal energy of an ideal gas depends only on its temperature. A sample of 
an ideal gas is allowed to expand isothermally. 
(a) Does the gas do work? 
(b) Does the system exchange heat with the surroundings? 
(c) Does the temperature of the gas change? 
Consider the reaction 
Ca0(s)+H,0) — Ca(OH) 3); A E =-340 Kk] 
(i) What is the heat of reaction when 1 g CaO reacts? 


(i) How much heat in kilojoules is evolved/absorbed with the production of 
100 kg of slaked lime? 


An experimental determination of 
value of -23.4 kJ per gram at 298 К. 
(i) Whatis A E for this reaction, in kJ/mol C H,OH? 
(i) . Whatis А H for this reaction ? 
(Ans: A E =-1076.4 kJ mol, AH =—1078.9 kJ mol“) 
Given the heats of reaction 
N,(g) + O,(g) ———» 2NO(g); AH = 180.6 kJ 
1/2N,(g) + O,(g) ———» КО ); A H=35.4kJ 
determine the heat of the reaction 
NO(g)+1/20,(g) ———» №, (8); AH-?(AH =-54.9 kJ) 
(à) Whyis AH nota good meas: 
(b Ном is temperature related 
Calculate the heat of the following 
pire ~> 4RCI(g) + Og; Ай =? 
iven 
A H3 HCl(g) =-92.30 kJ то! 
^ H*H,O(l) 2-285.80 kJ mol? 
( AH = 2024 kJ) 
Predict the sign of A S for 
(i) dissolving tea in water 
(i) ' the crystallization of salt from brine 
(ii) ^ L(s) ——_» ) 
(iv) Br) *3E( ——» 2BrF, (l) 
(у) ТІСІ, (8) + 2Mg(s) а Ti(s) + 2MgCl,(s) 
Given the following standard heats of reactions: 
(i) heat of formation of water = -68.3 kcal, 
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А E for the combustion of ethanol yields a 


8.9. 


8.10. 


8.12. 


8.1 


8.2 


8.3, 


8.4, 
8.5. 
8.6. 


Gi) heat of combustion of acetylene ==310.6 kcal, 

Gii) heat of combustion of ethylene ==337.2 kcal, 

Calculate the heat of reaction for the hydrogenation of acetylene 

at constant volume at 298K. (Ans. A E=441.1 kcal) (ПТ 1984) 
The bond dissociation energies of gaseous H, Cl, and НСІ are 104, 58 and 103 
kcal/mole respectively. Calculate the enthalpy of formation of НСІ 

(Ans:+22 kcal moF}) 
Which of the following processes are spontaneous? 
() the decomposition of H,O,(1) into theelements at 298K and 1 atm 
(^ GH,0,()) = -104 kJ) 

(ii) the expansion of a gas in vacuum 

(iii) ^ the freezing of water at 273 K and 1 atm. 
(a) Give examples of several forms of energy. 

(b) Give examples of systems that convert one energy form into another. 
Consider the reaction 


FeO,(s) + 3H,(g) ———* 2Ее(5) + ЗН,О(в) 


Ғе,0,(5) H,O(g) 
A He(kJ mor) -8204 -2422 
А Gy (kJ mol) -740.8 —225.6 


(i) Is the above reaction spontaneous at 800K and 1 atm. 
(ii) Calculate the temperature at which the reaction is at equilibrium at one 
atm. (Ans 938 K) 
Calculate the free energy change for the formation of waer gas at 298K. The 
enthalpy and entropy changes are 31.380 kcal mol"! and 32 cal Kl respectively. 
Also calculate the free energy change at 1000°C. Predict at which temperature the 
reaction is feasible, 
(Ans. A Gat 298K = 914 kjmol™- A С at 1000°C ——39. 1k mof" Reaction is 
feasible at 1000°C). 
Calculate the melting point of potassium chloride from the following data : 

AH =7.25kcalmof? А S=+0.00673 kcal K mor! 

(Ans. T = 1080K) 

Calculate the free energy change for the reaction at 298K and 1 atm. 
4N + 50, — —» 4NO(g) + 6Н,0(1) 
T deis Юч Ай of NO, H,O and мно 20.7,-56.7 and=4.0 ксаіК тої" 
respectively. 
(Ans. 1010.0 kJ mol) 


ANSWERS TO SELF ASSESSMENT QUESTIONS 
@ © Gi) © (Gi) (а) Gv) © (у) © Wi) (0) (уй) © (viii (c) (ix) 
(с) (х) (а) 
(i) less (ii) 68.3 (iii) absorb, decrease (iv) evolved, exothermic (v) pressure (vi) X, 
Y, direct (vii) |_—д 


AH] Ag 


Reactants 
(viii) +80 KJ 
(ix) increases 
(x) decrease. 
(i) (F) (ii) F iii) T (iv) T 
(v) F (vi) T (vii) T 
(viii) T (ix) FG) T 4 | f | 
(A) (vi) (B) (viii); (C) Gx) (D) (v) (E) (11); (E) Gii); (С) (iv); (Н) (х); (1) (vii); Q) (i) 
(i) product, (ii) reactant, (iii) reactant 
(i) open system, (ii) isolated system, (iii) isolated system: 
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$7. Copat —» CO(9 spia 
Cor + 0,(g) —> СО) А Н=-395, 


C, — с AH=19K 

1 if g octane on burning gave 5200Ж] 

1 kg would give heat = 5200 x 1000 = 45614 kJ 
114 


8.9. From the data 
^ H, HCI (в) - 388 kJ 
^ HH,O() 2285.5 kJ 


(i) ^ Hz [2X A НСІ (в) +2 AHH,O()}—[4 x A HHCI(g) *AHO, (g)] 
Substituting the values 
(A H = [2x0 + 26285.5)]—[4 x — 88 + 0] 
=-571 + 352 2-219 kJ 
Gi) A H- -219) х ImoleHC! rad 
4 mole HCI 365g 
8.10. Increase. Higher kinetic energy increases disorder. 
8.11. Increase in entropy 
8.12. АС =AH—TAS 
= 9600—378 X 26 =-228 cal/mol 


8.13. A S=AS(g)-A 50) - 298—205 


= 93] mo "Meg? 
= 1 
T А Нуар E 30.0X10? J mor -3226K 
AS 93 J mor !degz 
=49.6°С 
8.14. (i) A Gis negative, thus the reaction is spontaneous 
(i) AH— AG 
AS= Tee 
1.4 
= EX А ia 729.86 J/deg 
(ii) ^ There is decrease in entropy, thus products are more ordered than the 
reactants, 
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UNIT - 9 


Physical and Chemical Equilibrium 


- Бу... equilibrium, we mean a state in which the properties of a system, 


as experimentally measured, would suffer no further observable changes even after the 
lapse of an indefinite period of time. It is not intimated that the individual particles 
are unchanging. 


GN. Lewis and M. Randall 


UNIT PREVIEW 
91 Introduction 
92 Irreversible reactions 
9.2.1 Characteristics of irreversible reactions 
93 Reversible reactions 
9.3.1 Systems involving physical changes 
9.3.2 Systems involving chemical reactions 
9.3.3 Characteristics of reversible reactions 
9.4 Equilibrium 
9.41 Steady state 
9.42 Equilibrium state, (i) phase equilibrium, and (ii) chemical equilibrium 
9.43 characteristics of equilibrium (i) evidence in favour of dynamic character 
of chemical equilibrium, and (ii) evidence to show that chemical 
equilibrium can be attained whether to start with reactants or products. 
9.5 Equilibrium involving physical changes 
9.5.1 Solid-liquid equilibrium 
9.5.2 Characteristics of solid-liquid Equilibrium 
9.5.3  Liquid-gas equilibrium 
9.54 Solid-gas equilibrium 
9.5.5 Equilibrium involving dissolution of solid in a liquid 
9.5.6 Equilibrium involving dissolution of gas in aliquid 
9.57 Factors affecting solubility of a gas in a liquid 
9.5.8 General characteristics of physical equilibrium 
9.6 Equilibrium involving chemical changes 
9.61 Altering the state of equilibrium (i) concentration 
9.62 Law of chemical equilibrium 
9.68  K -K relationship 
9.64 Unit for equilibrium constant 
9.6.5 Factors affecting the value of K 
9.6.6 Factors which do not affect К value 
9.6.7 Predicting the direction of a reaction 
9.7 Le Chatelier’s principle 
9.11 Applications of Le Chatelier's principle (i) physical equilibrium, and 
(ii) chemical equilibrium 
9.7.2 Effect of catalyst on equilibri am 
9.8 Applications of law of chemical equilibrium 
9.8.1 Heterogeneous equilibrium 
9.9 Ionic equilibrium 
9.9.1 Ionization of weak electrolytes 
9.10 Solubility product 
9.11 Common ion effect 
9.12 Acid base equilibrium 
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9.12.1 Acid base concepts (i) Arrhenius, (ii) Lowry Bronsted, and (iii) Lewis 
9.122 Ionization of water 
9.12.3 Effect of addition of acid/base on ionization of water 
9.124 pH- scale 
9.12.5 Buffer solutions 
9.12.6 pH of buffers 
Self assessment questions 
Terminal questions 
Answers to self assessment questions 
LEARNING OBJECTIVES 
At the completion of this unit, you should be able to: 
Distinguish reversible and irreversible physical and cherhical changes 
Differentiate between steady state and equilibrium state of a system 
Identify the experiments to show physical equilibrium 
Classify the phase equilibrium in different types 
Characterize a state of equilibrium 
Define law of chemical equilibrium 
State the effect of concentration, temperature and pressure on the equilibrium 
Define solubility of solid and gas in liquid 
Calculate the equilibrium constants and equilibrium concentrations 
10. Define and establish relationship between К, and К е 
11. Define acids and bases 
12. Describe the equilibrium when an electrolyte is dissolved in water 


юз жш шә 


13. Discuss common ion effect 
14, Describe ionic product of water, solubility product and p scale 
15. Solve numerical problems on ionic equilibrium 


9.1 INTRODUCTION 


that it does not convey. Consider the following Teaction, 
N (g) + 3H (8) z> 2 NH (g) 
This is an important reaction in which combinati 

and hydrogen gives ammonia-an industrial] 

is used in the manufacture of hitric acid a 

following questions, in this са: 

balanced chemical equation: 

1. To what extent does the re 


on of nitrogen 
y important product which 
nd nitrogen fertilizers. The 
Se, cannot be answered from the above 


: action proceed in a given direction? 

2. Do ammonia molecules decompose to give nitrogen and 
hydrogen back? If so what are the Conditions that must be 
employed to prevent this back reaction? 


3. What are the conditions that would ive the maxi i 
of ammonia? 3 S NS n 
These are few of the questions that can be answered from the 
Study of chemical equilibrium, the topic of this unit, In this unit, we 
shall study different aspects of physical and chemical equilibrium by 


changing conditions of the reaction such as temperature, pressure and 
concentration(s) of either reactants or Product(s). 
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U TNS 
9.2 IRREVERSIBLE REACTIONS 
AgNO, (ад) + NaCl(ag) ——> AgCl(s) + Na*(aq) + NO*(aq) 
If we add 10 cm? of 0.1M silver nitrate solution to 10 cm? of 
0.1M sodium chloride solution, a white precipitate is formed. Let us 
filter this solution. Now to the filtrate if more of silver nitrate solution 
is added, no more precipitate is formed and the reaction between 
AgNO, and NaCl may be considered complete. When stoichiometric 
quantities of the reactants are mixed, the reaction may go to completion 
and the course of reaction may not be affected by the addition of 
either the reactant or the product. Most ionic reactions are of this 
type in nature. Such reactions are called irreversible reactions. Thus, 
a reaction which proceeds to almost completion is called an 
irreversible reaction. An irreversible reaction is represented by 
writing a balanced equation for the reaction with an arrow ( —>) be- 
tween the reactants and the products, heading towards the products 
of the reaction. Some irreversible reactions are : 
(i) heating potassium chlorate 
(ii) burning coal in air 
(iii) adding hydrochloric acid to sodium carbonate. 
9.2.1 Characteristics of an Irreversible Reaction 
(i) under a given set of conditions, such a reaction proceeds only 
in one direction. 
Gi) most of these reactions are instantaneous 
(11) at the end of the reaction the amount of the reactants left is 
almost negligible if these are mixed in stoichiometric ratio. 
9.3 REVERSIBLE REACTIONS 
9.3.1 Systems Involving Physical Changes 
Here we shall consider systems which consist of one chemical 
species and changes in its physical state. 
(i) ^ Liquid changes to vapour and vice-versa 
Take water in a beaker and place a bell jar over .it. If the level of 
water in the beaker is 
observed, it is found 
that initially the water 
level in the beaker 
drops but becomes 
constant after some 
time. Now the ques- 
tion arises why does 
water level in the 
beaker become con- 
stant ? It can be 
Fig.9.] Evaporation of water in a closed vessel answered as follows: 
Water molecules leave the liquid phase and enter into vapour phase 
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nto cd or. eee 
which is vapour pressure of water at the room temperature). The 


vapour phase water molecules are confined to a limited space. Inside 
the bell jar, there is every possibility that some of them condense 
and return back to the liquid phase. Thus, inside the bell jar water 
is changing to vapours and at the same time vapours are condensing 
to liquid. It is a reversible change. 
Liquid Vapour 
Exercise 9.1 : What would happen to water in a beaker if it is kept 
uncovered in air? 
Solution : Water evaporates and the vapours are carried away in the 
atmosphere. Evaporation process continues till the entire water changes 
into the vapour form and escapes to the atmosphere. 
9.3.2 Systems Involving Chemical Reactions 
Consider the reaction between aqueous solutions of silver 
sulphate and ferrous sulphate , 
Ag*(aq) + Fe?*(aq) Ag(s) + Fe?*(aq) 
which does not proceed to completion. The reaction mixture has all 
the four species i.e., Fe?*(aq), Fe?*(aq), Ag'(aq) and Ag(s). Such a 
situation is denoted by writing two half arrows (== ) between the 
reactants and the 
products of the re- 
action. A reaction 
which proceeds in 
either ^ direction 
(Fig. 9.2), depend- 
ing upon the con- 
ditions under 
Agís) which it is carried 
out, is called a re- 


START EQUILIBRIUM START versible reaction. 
Адад) + Fé (ag) MIXTURE  Fe'"(ag)-Ag(s) ^ Consider the for- 
Fig. 9.2 Example of a reversible reaction mation of ethyle- 


thanoate trom 
ethanol and ethanoic acid in the presence of concentrated sulphuric 
acid. The reaction can be represented as 
H* 
CH,COOH (0 * CjH,OH(I) === CH,COOCH,(I) * HO (1) 
Take stoichiometric amounts of ethanoic acid and ethanol in different 


test tubes, add 1 ст?4№ H,SO,, seal them and heat to 373K 80 that 
the reaction is complete. On 


t analysing the contents of these test tubes, 
it was found that all the test tubes contained ethanol, ethanoic acid 
ethylethanoate and water. This indicates that the reaction does not 
Proceed to completion and it is a reversible reaction. 
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2HI(g) 


1. А Formation of hydrogen iodide :Н,(8) + L(g) 
2. Contact process 


V,0, 
250/8) + O,(g) 2SO,(g) 
Fe 
3. N,(g)+3H,(g) 2NH,(g) 
Mo 
4. Decomposition of dinitrogen tetraoxide 
N,0,(g) 2NO,(g) 
5. Decomposition of phosphorus pentachloride 
PCI,(s) PCI,(g) + CL(g) 


9.3.3 Characteristics of Reversible Reactions 
(i) ^ under the given conditions such a reaction proceeds in both the 
directions i.e., forward and reverse reactions go together. 

(i) ordinarily it does not proceed to completion. 

9.4 EQUILIBRIUM 

9.4.1 Steady State 

Examine a bunsen burner Пате, There is a well defined structure 
of the flame-an inner cone 
surrounded by a luminous 
region of constant appearance. 
If the gas flow is adjusted so 
that it remains constant, the 
temperature of the flame at a 
particular spot does по! 
change, yet the bunsen flame 
is not at equilibrium. Bunsen 
burner with a constant flow of 
gas where matter is passing 
continually into and out of it, 
is a steady state because it is 
an open system. Here some of 
its properties are constant but 

Fig. 9.3 Bunsen burner equilibrium does not exist. 

flame with hole open 


9.4.2 Equilibrium State 

(i) Phase equilibrium : Figure 9.4 shows the addition of solid 
Potassium permanganate to water. Initially the water is colourless (Fig. 
9.4(а)) but soon a purple colour appears near the solid. Stirring the 
Solution swirls of the violet colour-to move out. Solid potassium 
permanganate is dissolving to become part of the solution (Fig. 9.4(b)). 
As the stirring is continued, the solution becomes deep violet and 


415 


the size of solid potassium permanganate particles diminishes. Finally, 
however, no visible change either in the colour of solution or the 
amount of solid potassium permanganate particles is observed (Fig. 
9.4(c)). Since one cannot detect any change we say that the system 
has attained equilibrium. Equilibrium is characterized by constancy 
of macroscopic properties*. 


SOLID BEGINS SOLID STILL NO MORE CHANGES 
TO DISSOLVE DISSOLVING, EQUILIBRIUM EXISTS 
COLOUR DEEPENING 


Fig. 9.4 Solid potassium permanganate dissolving in water 


(ii) Chemical equilibrium 

It has been seen (Section 9.3.2) that ethylethanoate can be formed 
from ethanol and ethanoic acid in the presence of H* ions. It can 
also be hydrolysed to ethanol and ethanoic acid under similar 
conditions. All reversible reactions have the common characteristic 
that their products can react to form the original reactants. The rate 
of the forward reaction decreases with time because the 
concentration(s) of the reactant(s) decrease. At the same time the 
Concentrations of the products go on increasing and so the rate of 
the reverse reaction increases. The result is that at one stage the 
reactants are formed at the same rate at which they are being converted 


into the products. This is the state of equilibrium for the chemical 
reaction. 


9.4.3 Characteristics of Equilibrium 

() equilibrium can exist only in a closed system** 

(i) at equilibrium state, both the reactions, i.e., forward and reverse 
proceed, simultaneously. It is a dynamic state. 


* — Macroscopicmeans ala 
жж 
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Gii) the rate of forward reaction is equal to the rate of reverse 
reaction. 

(iv) the state of equilibrium can be attained starting with either the 
reactants or the products. 

(v) at equilibrium the concentrations of the reactants and the 
products attain a constant value, called the equilibrium 
concentrations which do not change with the passage of time. 

(vi) at equilibrium, the change in free energy of the system, AG 
is zero at the given temperature and pressure. 

Equilibrium is recognised by the constancy of macroscopic 
properties in a closed system ata uniform temperature 

Exercise 9.2 : Which of the following systems exhibits steady state 

ana which one is an example of equilibrium state ? 
(a) Water in a beaker is boiling on a burner. The temperature of 
the water is constant. 
(b) A balloon contains air and a few drops of alcohol. The pressure 
in the balloon is constant. 
Solution : 
(a) Steady state because it is ар open system. 
(b) Equilibrium state, balloon is а closed system and the equilibrium 
is, Alcohol (I) = Alcohol (g) 
1. Evidence in favour of dynamic character of chemical 
equilibrium 
An experimental evidence in favour of dynamic character of 
chemical equilibrium was provided by Wilson and Dickinson. For the 
reaction 

H,As*O,4T 5H O ————— H,AsO, + 2H* + ЗГ 

Arsenious acid contained radioactive arsenic (atomic mass 76). 

At equilibrium, the concentration of each species is definite. They 
prepared a reaction mixture for the above reaction taking exactly the 
same amount of each specie as required at chemical equilibrium. They 
observed that after some time H,AsO, also contained radioactive 
arsenic though the amount of H,AsO, remained the same. It is possible 
only when some of As*O*; changes to As*Q3- and the same amount 
of AsO,*is being formed from АѕО,2— 

2. Evidence to show that chemical equilibrium can be attained 

whether to start with reactants or products 

Experiment 9.1 : Fill two identical bulbs marked A and B with 

dinitrogen tetroxide to equal pressure. Immerse the bulb A in ice at 

273K and the bulb B in boiling water at 373K. Observe the colour 

in both the bulbs A and B. 

Observation: Саѕ іп bulb A is colourless. 

Gas in bulb B is reddish brown. 
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Inference : As the colours in the two bulbs A and B on keeping 
them at different temperatures are different, the molecular species in 
these bulbs must also be different. Identification of the gases in these 
bulbs shows ihat the bulb A contains mostly dinitrogen tetroxide 
molecules. AndbulbB containsonl ynitrogen dioxide. 

Experiment 9.2 : Now transfer both the bulbs to a bath at room 
temperature as shown in Fig. 9.5 and note the colour change in both 
thebulbs A and B. 

Observation : Colour changes in both the bulbs and finally attains 
the same intensity. 

In bulb A colour deepens 
to show that a chemical 
change is taking place 
forming NO, molecules 
from NO, Bulb А: 
N,0,(g) ——> 2NO, (g). 
In bulb B colour fades to 
show again that a chemi- 
cal change different from 
A is taking place. In this 
case now N,O, is formed 
Я бот NO, Bulb B: 
Fig. 9.5 Gases М,О, and NO, when 2NO,(g} ——>N_.O (g) 
kept under similar conditions б Зи 
Inference : The above experiment confirms that the final state of 


a chemical reaction is the same irrespective of the Starting material- 
reactants or products. 


WATER AT 
ROOM TEMP. 


Solid = Liquid 


аша, 


Solid Gas 
9.5.1 Solid Liquid Equilibrium 


be explained considering 
that some water molecules 
move towards ice and on 
reaching there adhere to it, 
at the same time some 
water molecules leave ice 
and mix with water. Thus, 
in a certain period of time 
water molecules which 
stick to ice are exactly the 
same as the number of 
water molecules that leave 
ice to mix with water. 


= C Here, an equilibrium be- 

Fig. 9.6 Ice and warer in a perfectly tween ice and water is 

insulated thermos flask established at 273K and 1 
atm pressure. 


Ice === Water 
Or H,O(s) ———H.O(l) 
9.5.2 Characteristics of Solid-Liquid Equilibrium 

At equilibrium, 

(i) the masses of the two phases i.e. the solid phase and the liquid 
phase do not change. 

(ii) Both a solid and a liquid phase exert the same vapour pressure. 

(iii) AG = 0 at the melting point of the solid and one atmosphere 
pressure. 

If the system has temperature less than the melting point of 
solid,AG»0 andAG<0 at temperatures greater than the melting point 
(273K in case of ice-water equilibrium). 

Exercise 9.3 : (i) 0.200 р iodine was stirred in 100 cm? of water 
at 288K until equilibrium was reached. Calculate the masses of iodine 
in aqueous solution as well as undissolved (solid phase) if the 
concentration of iodine in aqueous solution at equilibrium was 0.0011 
mol 15" at 288K. 
(ii) What would be the concentrations of iodine in, aqueous solution 
and in solid phase if 150 ст? of water was added to the equilibrium 
system from (i) and the system again attained equilibrium at 288K. 
Solution: Molecular mass of 1, = 254 

At equilibrium : 

Mass of I, in 1000 ст? water = 0.0011 mol at 288K 

Mass of I, in 1000 cm? water = 0.0011 x 254g 

= 0.27946 = 0.288 
Therefore, mass of I, in 100 cm? water= 02800 = 0.0282 
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Mass of undissolved L = (0.200 - 0.028) = 0.172g 
(i) Addition of 150cm? more water would disturb the equilibrium, 

and more of 1, would dissolve before the System attains 

equilibrium. Now the total volume of solution is 100 4 150 = 

250 cm? 

Mass of I, in 250 cm? solution = 0.28 x 250 = 0.07g 

1000 

Undissolved iodine = 0.200 - 0.070 = 0.130g 
9.5.3 Liquid-Gas Equilibrium 

When a liquid changes to vapour, the process is called 
vaporisation. This process can take place at all temperatures and in 
àn open vessel, the process continues until entire liquid is evaporated. 
In evaporation, molecular movement is mainly in one direction. 
Molecules continuously leave the liquid and diffuse away into the 
air, it is an irreversible process (Fig.9.7). 


& & 


ONE MOLE 


LIQUID WATER + 10kcal —____.. ONE MOLE WATER VAPOUR 
H,O @) НО (8) 


Fig. 9.7 Evaporation of water 


Experiment 9.3 : Take a small amount of ehtanol in four evacuated 
conical flasks marked A, В С апа D, Place a bell-jar over these flasks 
and watch the liquid in these flasks (Fig. 9.8). 

In these flasks initially th 
i.e., from liquid to vapour but 


Same rate at which ethanol v 
the state of equilibrium. 
The equilibrium set u 


P between a liquid and its 
vapour can be expressed byt ti MM 


he general equation, 
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Liquid Vapour 
AG for such a system at constant temperature is equal to 


zero. 


Fig. 9.8 Vaporisation of liquid when placed in evacuated flasks 
covered with a bell-jar. 


Boiling Point - Vapour Pressure 
Table 9.1 gives the normal boiling points and vapour pressures 
of some liquids. 


TABLE 9.1 Vapour pressure and normal boiling point of liquids 


Liquid Vapour pressure at Normal boiling point 
293K (kPa) (К) 

Acetone 12.36 333 

Ethanol 5.85 351.5 


Water 2.34 373.1 


It can be seen from Table 9.1 that liquids which have a high 
value of vapour pressure boil at lower temperature compared to liquids 
which have low vapour pressure at the same temperature. In fact, 
a liquid boils when its vapour pressure becomes equal to the 
atmospheric pressure. Liquids which have high vapour pressure would 
need less heat. Thus, they have a lower value of molar heat of 
vapourisation and also a low boiling point. 

Exercise 9.4 : A liquid is in equilibrium with its vapour in a sealed 
container at 340K. The volume of the container is suddenly increased. 
(a) What is the immediate effect on the vapour pressure because 
of this sudden volume change? 

(b) Ном do the rates of evaporation and condensation vary initially? 
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(c) When system attains equilibrium what will be the final pressure? 
Solution : (a) Sudden increase in volume would initially decrease the 
initial vapour pressure of the liquid at the same temperature, (b) With 
sudden increase in volume of the container, the rate of evaporation 
increases because now the vapour pressure inside the container is less 
than that of the equilibrium vapour pressure. Since the container at 
this stage has less vapour than those needed to establish equilibrium, 
the rate of condensation would decrease. (c) Once the equilibrium 
is established the rate of evaporation would be equal to the rate of 
condensation. The final vapour pressure would be the equilibrium 
vapour pressure, i.e., the vapour pressure in the sealed container at 
the fixed temperature which is the same as it was before the increase 
in the volume of the container. 
9.5.4 Solid-Gas Equilibrium 

A solid сап Бе in equilibrium with its vapour without involving 
the liquid state. 

Solid Gas 

or H, O(S O(g) 
Ice can remain in equilibrium with its vapour, even when there is 
no liquid water present. Snow will evaporate slowly in dry air even 
when the temperature is quite low - below its freezing point. 
Exercise 9.5: Why naphthalene balls in a clothes trunk disappear 
without forming a puddle ? 


Solution : Napthalene sublimes, i.e., changes ditectly to vapours and 
escapes. 


Fig. 9.9 Solid dissolving in aliquid. 


9.5.5 Equilibrium Involving Dissolution of Solid in Liquid 


When a solid is added to a liquid, solid starts dissolving in : 
the liquid and its concentration increases. After all the solid has ` 
dissolved, the concentration remains constant at a particular 


ОЛ у 


temperature. If we go on adding more and more solid to a definite 
volume of a liquid, a stage comes when no more solid dissolves 1.e., 
the addition of more solid no longer raises the concentration of 
dissolved material and now the added quantity remains in the solid 
state. A solution in contact with excess solid is said to be saturated 
at that temperature. In a saturated solution there exists a dynamic 
equilibrium between the solute molecules in solution and the solid 
solute particles. 
Solid (dissolved) Solid (undissolved) 
If we consider sugar dissolved in water, the equilibrium can be 
expressed as Sugar (solid) Sugar(aq) 

The amount of solute dissolved in 100 g of a solvent to form 
a saturated solution at a given temperature, is termed as its solubility. 
Moreover, at the temperature, T, the vapour pressure of a solution 
containing a non-volatile solute such as sugar, sodium chloride etc., is 
always less than the vapour pressure of pure solvent at the same 
temperature. Therefore, the boiling point of salt water is more than 
the boiling point of pure water. The increase in the boiling point of 
water, AT, depends upon the concentration of salt added to it. In a 
similar way, a lower temperature is required to crystallise ice from 
salt-water or from an ethanol water solution than from pure water. 
“ANTIFREEZE” substances added to an automobile radiator act on 
this principle. 
9.5.6 Equilibrium Involving Dissolution of Gas in a Liquid 

Gases also dissolve in liquids, e.g., carbon dioxide dissolves in 
water (soda-water) and there exists an equilibrium between the gas 
dissolved in a liquid at a particular temperature and pressure. 

Gas (in solvent) === Gas (in gaseous phase) 
СО (ад) == СО, (gas) 

The solubility of a gas in a liquid is expressed as absorption coefficient 
( «œ ) introduced by Bunsen and is defined as, “The volume of the 
gas at STP, dissolved by unit volume of the solvent at the temperature 
of the experiment and under a pressure of 1 atm of the gas". 
9.5.7 Factors Influencing the Solubility of a Gas in a Liquid 
(i) The nature of both gas and liquid : A gas which chemically 
combines with a liquid is very soluble in that liquid, e.g., ammonia 
in water. 
(ii) The temperature : The solubility of a gas in a liquid decreases 
with increase in temperature. Dissolving a gas in a liquid usually 
evolves heat and A H for such processes is less than zero (AH<0). 
(ii) Effect of pressure upon solubility : Pressure has a significant 
effect on gas solubility. At the given temperature, a rise in pressure 
increases the solubility of the gas. Increase in the pressure of the 
gas increases the concentration of solute molecules in the gas phase. 
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VAPOURS 


LIQUID 


Fig.9.10 Effect of pressure on the solubility of a gas 


To maintain equilibrium, the concentration of gas molecules in the 
liquid phase should also proportionately increase. The effect of pressure 
on the solubility of a gas at a given temperature is given by Henry’s 
law which states “The mass of a gas dissolved in a given volume 
of a solvent at a particular temperature is proportional to the 
pressure of the gas above the solvent. If г is the mass of a gas 
dissolved in unit volume of solvent for a saturated solution and p 
is the gas pressure, according to Henry’s law 
m ар 


or 


z constant 
pith H 
p 


Exercise 9.6 : When a 


dioxide gas rapidly bubbles out of the bottle, explain. 
Solution : 


U UMMM 


(iii) one of the measurable properties such as temperature, pressure 
should remain constant since the composition of the system does not 
change. 

(iv) when the system has attained equilibrium, there exists an 
expression involving concentration/partial pressure of the substances 
which reaches a constant value at a given temperature. The Table 
9.2 lists the concentration related expressions for certain physical 
equilibria. 

(v) the numerical value of the concentration - related expression 
is an indication of the extent to which the reaction proceeds before 
attaining the equilibrium. 


TABLE 9.2 Different equilibria and constant in properties 


Equilibrium Constant property for a given condition 

Solid == Liquid Solubility of the solid in the given liquid at 
constant temperature. 

Sugar(solid)==Sugar(aq) Sugar(aq), i.€., concentration of sugar in its 


saturated solution which is its solubility at a 
given temperature. 


Liquid === Gas Vapour pressure at constant temperature 
H,0() Н,О(в) Рио at a particular temperature 
Liquid ———— Solid Melting point of a solid at constant pressure. 
H,0() ===> HjO(s) Melting point of ice at constant pressure 
Water === Ice 
Gas z————À Gas in liquid Solubility of a gas in a liquid at 

phase constant temperature 
CO,(g) СО, (aq) {CO,(aq)] 


=Constant at a given temperature 


(CO, (8)] 
9.6 EQUILIBRIUM INVOLVING CHEMICAL CHANGES 

You have already seen Sections 9.3.2 and 9.3.3 that most 
of the chemical reactions do not proceed to completion, rather attain 
equilibrium just as is established in physical processes. In fact no 
reaction truly goes to completion. Sometimes, the concentration of 
the reactants left is very small or the rate of the reverse reaction 
is so low that it cannot be measured by the instruments available 
to us. Now the question arises, why do chemical reactions attain 
equilibrium? ; 

Consider the reaction between hydrogen and iodine to form 
hydrogen iodide gas at 500K. Determine the concentrations of various 
species at different intervals of time and plot a graph concentration 
vs time (Fig. 9.11). It can be seen from the graph that, at the time 
of mixing, the rate of formation of HI is very large and H, and L 
are also consumed quite fast. It follows that the concentrations of 
H, and I, will decrease with time whereas the concentration of HI 
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will ^ increase. 
Since the rate of 
reaction depends 
upon the concen- 
trations of the 
reactants, we 
expect the rate of 
formation of HI to 
decrease — with 
time. At the same 
time, as the con- 
centration of HI is 
increasing, е 
rate of HI decom- 
position which 

Fig.9.11 Concentration change ina initially was zero 

system vs time would increase. 

Since the мо 

rates are in opposite direction, they must eventually become equal. 
When the rate of forward reaction is equal to the rate of reverse reaction 
the system is at the equilibrium state. 
9.6.1 Altering the State of Equilibrium 

Concentration/partial pressure and temperature are the two 
factors that affect the rates of reactions. Equilibrium is attained when 
the rate of reverse reaction is equal to the rate of forward reaction. 
Any condition that changes the rate of one of the reactions involved 
in the equilibrium may affect the conditions at equilibrium. 
(i) Concentration : Consider the reaction between ferric ions and 
thiocyanate ions 


Fe**(aq) + SCN{aq)—>[Fe(SCN)}**(aq) 


CONCENTRATION 


TIME 


“мм 
Experiment 9.4 : Take Scm? of ferric nitrate solution in three 15cm? 
test-tubes A, B and C (Fig. 9.12). Now to these test tubes, add 1, 
2, 5 ст? of 0.05 M potassium thiocyanate solution. Observe the 
intensity of colour in these test tubes. 

Observation : It is observed that the intensity of colour which is 
due to the formation of [Fe(SCN)]^* (aq) is maximum in the tube 
C, where tne amount of SCN "ions added is maximum, and is the 
minimum in the tube A, where the amount of SCN* ions added is 
the least. 

Inference : Equilibrium concentrations are affected if the concentra- 
tions of reactants (or products) are altered. 

The concentration of [Fe(SCN)]** formed can be determined using 
the technique of colorimetry. 

The initial concentrations of Fe**(aq) and SCNYaq) are known as in 
these test tubes, known volumes of standard solutions are taken. The 
equilibrium concentrations of these species can also be calculated by 
substracting the amounts of Fe**(aq) and SCN aq) reacted to form 


[Fe (SCN)}**. 
Substitute these equilibrium concentrations in the expression 
[Ee (СМР Ма Ar lou (9.1) 


[Fe*] [SCN] 

which gives a constant value for the concentration ratio for all the 
three test tubes A, B and C provided temperature remáins constant. 
It was attained in the above experiment by keeping these test tubes 
in a thermostat maintained at 300K. These results can be generalised 
in the form of a statement known as the "Law of Chemical Equilibrium", 
9.6.2 Law of Chemical Equilibrium 

(i) | When equilibrium state is attained the rate of forward reaction, 
R, is equal to the rate of reverse reaction, R,, Thus, at equilibrium. 


RIS R, „-@2) 
According to the law of mass action* 

R, = kA] [B]* (9.3) 

= k [XF (Y (9.4) 


where k, and k, are the rate constants for the forward and reverse 
reactions respectively. The concentrations in equations 9.3 and 9.4 
refer to the equilibrium concentrations. Substitute the value of R, and 
R, from equations 9.3 and 9.4 in equation 9.2. 

kiA} (BP = k, [XP [YP (because R =R) — ..(9.5) 


g k IXJ CY 
0 = a рс. (9.6, 
k [AF[BP — * I 


r 


К. is a constant, being called ‘equilibrium constant’ for a reaction. 
* The use of square brackets in these equations 9.3 and 9.4 stands for concentrations of 
substances usually expressed in moles per litre. It will be used consisten: 
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It is independent of initial concentrations of the reactants or the 
products of the reaction but varies with temperature. The concentration 
ratio 

KRYP 

TAP BD ws (9.62) 


is denoted by О (concentration quotient) and О = K, at equilibrium. 

The equation 9.6 derived from the law of mass action, is a 
mathematical expression of the law of chemical equilibrium. 
Irrespective of initial concentrations of the reactants and the products 
at equilibrium, the equilibrium concentrations are related to one 
another in such a way that the equation 9.6 is satisfied. 

To write an expression for equilibrium constant 

1. First write the balanced chemical equation for the reversible 
reaction. 

2. For an expression for equilibrium constant, К, the numerator 
contains the algebric product of the concentrations of the products, 
each raised to the power of its stoichiometric coefficient and the 
denominator contains the algebric product of the concentrations of 
the reactants, each raised to the power of its stoichiometric coefficient, 
in the balanced chemical equation. 

3. The molar concentrations of all solids is taken as 1. 


Exercise 9.7: Write the equilibrium constant expressions for the 
following reversible reactions: 


(a) BaCO,(s) BaO(s) + CO,(g) 
(b) AgBr(s) Ag* (aq) + Br (aq) 
(c) CH,COCH,(1) CH,COCH,(g)- 
(d) CH,(g) + 20,(g) CO,(g) + 2H,O(1) 
(е) Al(s) + 3H*(aq) AP*(aq) +/,Н, (в) 


(D НРО (аа) TEOT TEOGA) + POj- (aq) 
Solution : 


(a) (1) Balanced chemical equation is 
BaCO,(s) BaO(s) + СО (в) 
ВаО(ѕ) Х СО в) 


"Васо (5) 
(ш) Substituting 1 for the concentrations of species which are 
in solid state atequilibrium in the above expression 


1 X [CO,(g)] 
1 


с 


= [CO, (g)] 


For reactions involving gases, it is more convenient to express 
concentration in terms of partial pressure, then we can write 
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(b) Ag Br(s) Ag*(aq) + Br (aq) 
K = [Ag (aq) [Br (ag)] 

j; [Ag Br(s)] 
К, = [Ag* (aq)] (Вг (ag)] 

or =  [Ag*) [Вг] 


(c) CH,COCH,(1) CH,COCH,(g) 

Concentration of acetone, CH,COCH,, in the vapour form is 
proportional to its vapour pressure, i.e. (CH,COCH,(g)] а р сосну 
In the liquid form when only one liquid is present, as in the above 
Case, it is acetone, the concentration is taken as 1 (by convention) 
and replacing the equilibrium constant, K by K, we have 

K = 
Р 
(d Сну) + 20,(g) 


CO,(g) + 2Н,0(1) 
p^ uj [CO,(g)] [H,O(D? 
G [CH,(g)] [0,(g)}? 


Substituting the concentrations of gaseous species by their 
respective partial pressures and concentration of liquid by 1 (by 
convention), we have 


Р, со» 
K 


Р 


Pou, X Po, 


(e) Al(s)+3H* (aq) 


АР” (aq) + 3/, H,(g) 
F [AP*(ag)] ІН,(8))2/, 

*  . [AK] [H'(ag)] 3 
[ATP* TH)(g)] °/, 

[HP 
(aq) term is not written in the final equilibrium expression. 
(f) HPO;"(ag) + H,O(1) ———-H,O* (aq) + PO? (aq) 
[H,O] [РО] 
[HPO] 

In the study of cheinical equilibrium, in solution, the concentrations 
аге normally expressed in moles per litre and for equilibrium constant, 
K is cominonly used. But in the study of equilibria in gaseous phase, 
it is more convenient to express concentrations in terms of partial 
pressures, 


K 


«иии 


The expression for the partial pressure of an ideal gas, ‘i’ in 
a gaseous mixture is 

pie ix X Ph yay Ара ah. eme (9.7) 

р, is the partial pressure for the gas i, x, is its mole fraction, 
P is the total pressure of the gaseous mixture. At a constant pressure, 
P, 

pue un. isa) ET RN en (9.8) 
partial pressure of an ideal gas is proportional to its mole fraction 
or to its molar concentration. 
(ii) Expression for К 

It is established that the partial pressure of a gas is proportional 
to its molar concentration (equation 9.8) so molar concentration in 
equation 9.6 can be substituted by partial pressures, then the symbol 
used for equilibrium constant is К. 
Consider the general reversible reaction, - 

аА + bB === xX + yY 

If at equilibrium, p,, py, Py and py are the partial pressures of 
A,B, X and Y respectively. Then 

ү ipe 

y (P. (P,P 9.9) 


The pressures аге to be expressed іп atmosphere unless 
mentioned otherwise. 
The numerical value of the equilibrium constant, K, or K,, 


depends only on the particular reaction and on the temperature. 
9.6.3 КУК, relationship 


Consider the reaction, 
aA +bB z————XxX + yY 
оу (ФУ 
Kj sfr b. 
(p,)* (рь) 
х [ү] 
Ks Xr [Y] 
{A]*[B]? 
For an ideal gas we know, 
PV =nRT 
where each symbol has usual meaning 
кш RT, 
огР= y 


у is number of moles per litre, i.e. molar concentration, C. 
Substituting С for” іп equation 9.13, we have, 


= CRT 


ie. partial pressure = molar concentration x gas constant * 
temperature. Therefore, from equation 9.10 
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us i ot REA UEa ar OM n (9.11) 
PLC Е AR os a Ria DL (9.12) 
CÓ TOY Ay клор = REM Rud (9.13) 
CEPS SEE ver зь a aak ЕЛ on ФУД (9.14) 


where C,, C,, C, and C, are molar concentrations of A, B, X and 
Y respectively. 
In the equation 9.9 substitute the values of partial pressures of A, 


B. X and Y in terms of their molar concentrations from equations 
9.11 - 9.14. 


C,RTY (CRT 
ES ДС E MBA S (9.15) 
(CRT (CRT) 


РТСУ xe 


= ————À u 9.1 
Rr СОС P 
с хс; 
= (x+y) _ (a+b) 
(RT) GXQ © (9.17) 
= RIS RN ЕТ. (9.18) 


Where! A л is equal to (x+y) - (a+b) i.e., 

A п =(Number of moles of prouducts) — (Number of 
moles of reac- 
tants) 

= Change in the number of moles in the reaction. 

An is positive, zero or negative depending upon whether there 
is an increase, no change or decrease, respectively in the total number 
of moles in the reversible chemical reaction, e.g., 

For the reaction, 
N,O, 2NO, ; An is positive and is equal to 1 
H+L === 2HI ; дл is equal to zero 
H,+3H, 2NH, ;An is negative and is equal io-2. 

When А" is equal to zero, i.e., there is no change in the total 

number of moles before and after a chemical reaction. In such cases, 
кек 
9.6.4 Unit for Equilibrium Constant 
(i) Unit for K, 
Consider the equation 9.6,. 
ie (Moles/L of X)* (Moles/L of Y)» 


: (Moles/L of A) (Moles/L of В)» 
(Moles per litre)*9-6«» 
(Moles per litre) 


K, will have the dimension of 
(Moks per lite) Ar or (M)A^ 
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Similarly K, will have the dimension of 
(Atmosphere) ^^ 
When Ал is equal to zero, i.e., there is no change in the number 
of moles, K, and K are just numerical values. 
9.6.5 Factors affecting the Value of К 
1. The mode of representing the equilibrium state : Calculate 
the value of K for the reversible reactions. 
+1, === 2H, and 
2HI H,+L,, respectively 

Let the equilibrium constant for the first and the second reactions 
be K, and K „respectively. 

It is customary to express k,/g as Кү, therefore 
for the above reactions 


(HIP 

VAM TETTE 

; {н} D; 

MENT. 

REO t IF ndum to... (9.19) 
K 


| Therefore, the mode of expressing a chemical equilibrium state 
influences the value of K. If an equation is reversed, the value of 
K is inverted. 

2; Method of writing a balanced chemical equation : The reaction 
between nitrogen and ammonia can be represented as follows, 


___N,@)+3H,@) 2NH,(g) 
Equilibrium constant K  , for this system is given by 
[NH,P 


с 


[N,] [H;P 
The above reaction can also be written as - 


I, Ng) + 2/, Н, 
2 NB) t 1 g) NH,(g) 
Then the expression for the equilibrium Ыш. К would be 
Jir ANEJ 
; (N,}/, EH; P/, 


If the coefficients in a balanced chemical equation are multiplied by 


a common factor (2,1, ...) the new equilibrium constant will be the 
old one raised to the corresponding power (2,1/, ....) 
3. Change of temper 1 


cem i ature : Equilibrium constant changes with 
Change in temperature. Increase in temperature usually increases 
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reactions are affected is different, hence, K is also different. 
4. Change in the units of expressing concentration : For K, 
concentration is expressed in moles per litre and for K , partial pressure 
is expressed in atmosphere. If Az is not equal to zero, any change 
in the units expressing concentrations or partial pressures of the 
constituents of reaction mixture will alter the numerical value of the 
equilibrium constant. 
9.6.6 Factors which do not Influence the K Values 
Following factors do not alter the value of equilibrium constant. 
Initial concentrations of reactants or products 
Addition of either of the constituents to the reaction mixture 
Presence of a catalyst 
Addition of an inert gas does not change the value of equilibrium 
constant 
5. Тіте has no ettect on the value of К. 
9.6.7 Predictingthe Direction ofa Reaction 

The numerical value of iie equilibrium constant is determined 
experimentally. At any stage of the reaction the concentrations of the 
species involved in the reacts can be put in the expression (9.6a). 
For a generalized reversible reaction 


SUE To m 


aA+bB = xX+ yY 
the reaction quotient 1s [Хр [Y 
[AMBP 


On substituting the concentrations of various spwies in the 
expression the value of reaction quotient Q is obtained. The numerical 
value of Q helps us in predicting the airection in which the reaction 
could take place. 

(i) Q=K, 

When the concentrations of various species invoived in the 

reaction are equilibrium concentrations in that case the value 

of Q is equal to K, 

Gi) Q<K, 

When the calculated value of reaction quotient in less than the 

numerical value of К, then the reaction proceeds from left to 

right, i.e., forward reaction takes place until the equilibrium is 
established. 
Gi) Q»K, 

When the value of reaction quotient is greater than that of the 

equilibrium constant K, in such a situation reaction proceeds 

to the left from the right ‘until equilibrium is attained. 
9.7 LE CHATELIER’S PRINCIPLE 
We have seen earlier that the equilibrium remains unchanged 
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лог an indetinite period unless some changes are made from outside, 
e.g., addition or removal of the reactants or the products (change of 
concentration), heating or cooling the system and change of pressure, 
The effect of these changes on chemical equilibrium can be predicted 
qualitatively in terms of ‘Le Chatelier’s principle’. It states, “When 
a system, in equilibrium, is subjected to a change in concentration, 
temperature or pressure, the equilibrium shifts in a way as to 
annul the effect of the change. 
Accordingly : 
(i) Ап increase of temperature will move the equilibrium in the 
direction in which the effect of added heat is minimized. Thus, an 
endothermic reversible reaction is favoured at high temperatures 
whereas an exothermic reaction will be favoured at low temperatures. 
(i) When a reversible reaction takes place with a change in volume, 
increase of pressure will try to shift the equilibrium in the direction 
which occurs with the decrease of volume. 
(iii) For the effect of concentration on equilibrium, consider the 
reaction : 
A+B C+D 
At equilibrium, definite concentrations of A, B, C and D are 
present. Now if we add more of A or B at this Stage, more of C 
and D will be produced because in that way the added A or B is 
used up. Thus, according to Le Chatelier's principle the addition of 
A or B will produce larger concentrations of C and D at equilibrium. 
The principle is equally applicable to both physical as well as 
chemical equilibria. 
9.7.1 Application of Le Chatelier's Principle 
(i) Physical Equilibrium (a) Melting of ice 
Ice === Water: AH = + OkJ 
The melting of ice Occurs with the absorption of heat and by 
a decrease in volume. Therefore, both the increase of pressure and 
temperature will cause more and more ice to melt. 
(b) Vaporisation of water 
Water Vapour :A H = + QkJ 
When water is heated, it takes up heat ana part of it is converted 
into vapour. Vaporisation of water is accompanied by a large increase 
in volume, According to the above principle, increase of pressure will 
cause the liquefaction-volume to decrease and increase of temperature 
Mea m тоге vapours (to cause more and more. absorption of 
eat). 


(ii) Chemical Equilibrium (a) Formation of ammonia by Haber’s 
process 


N,@) + 3H,(g) =— 2NA) A H= -93.6 KJ 
1 Vol. 3 Vol. = 2 Vol. 
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Since this reaction is exothermic, ie., heat is evolved when the 
forward reaction takes place, a low temperature will favour the forward 
reaction. Thus, if the temperature is raised, equilibrium concentration 
of ammonia will decrease and those of N, and H, will increase. 

One volume of N, and 3 volumes of H, combine to form 2 
volumes of ammonia, the reaction proceeds in the forward direction 
with the decrease of volume. Therefore, high pressure will favour the 
formation of ammonia. 

According to Le Chatelier’s principle, the increase of any 
component of the reaction mixture will shift the equilibrium in the 
direction in which the added components are used up. Addition of 
N, or H, will result in higher yield of ammonia. 

(b) Formation of nitric oxide 

N,(g) + O,(g) Z—————— 2NO(g); A H= + 180k 

LVok Уо Vol: 

The forward reaction is endothermic and there is no volume 
change during the reaction. In this case, we conclude that (i) increase 
of temperature will favour the formation of NO. (ii) the equilibrium 
will remain unaffected by change in pressure, and (iii) the formation 
of NO will be favoured by an excess of N,or O,- 
9.7.2 Effect of Catalyst on Equilibrium 

Consider the reaction, 

A+B C+D 

When the reaction has attained equilibrium the change in free energy, 
AG, is equal to zero at constant temperature and pressure. That is the 
sum of the free energies of the reagents on the LHS of the equation 
is equal to the sum of the free energies of the reagents on the RHS 
of the chemical equation. A catalyst does not take part in the chemical 
reaction, as such it does not figure in the chemical equation and for 
that reason in the expression for chemical equilibrium constant, K.. 
Thus, we can say a catalyst does not affect the-value of equilibrium 
constant. However, a catalyst increases the rate of forward as well 
as reverse reactions and thereby it will help the equilibrium to establish 
quickly. 
9.8 APPLICATION OF LAW OF CHEMICAL EQUILIBRIUM 

By application of the law, the equilibrium constant of the 
reaction and the equilibrium concentrations can be calculated. The 
examples given below illustrate the procedure. 

Exercise 9.8 : 35.7 g of PCI, were taken in a 5 litre flask and heated 
in a thermostat at 523K until the following equilibrium was established 

PCI,(g) PCI,(g) + Cl,(g) 

It was found that at equilibrium 8.75g of Cl, was present. Calculate 
the equilibrium constant for the above reaction. 
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35.7 x1 
208 х 5 


= 0.0343 


Solution : Initial concentration of PCI, in mol L~ 


Concentration of Cl in mol Е at equilibrium 
= 875 , lç 0.0246 
71 5 

Since the concentrations of Cl, and РСІ, should be equal at 
equilibrium, therefore, equilibrium concentration of PCL, is also 0.0246 
mol Ё". This also means that 0.0246 mol L of PCI, is dissociated 
at equilibrium. Thus, equilibrium concentration of PCI, = (Initial conc. 
— Amount dissociated) = 0.0343 0.0246 = 0.0097 mol Е. 
[РС1,] [CL] 0.0246 X 0.0246 

[PCI] 0.007 7 


Exercise 9.9 : What will be the equilibrium concentrations of each 
species present when 2 moles of HI are introduced in a litre vessel 
at 763K? The value of K, for the reaction 2HI(g) ==> H,(g) + L(g) is 
0.022 at 763K. What fraction of HI decomposes ? 

Solution : Let us suppose that 2x moles of HI are dissociated at 
equilibrium. Then, from the above equation, x moles H, and x moles 
of I, will be produced. The initial and equilibrium concentrations of 
HI, I, and Н, can thus be written as : 


[HI] [H] ш 
2 0 0 


Now,K = 62 10^ mol E? 


Initial concentration 
(mol I7?) 
Equilibrium concentration (2-2x) x x 
(mol I) 

ADEA TET SO RR tt o pa pen 
Thus, K, (HI = OA 0.02: 


or x = 0.229. Thus, molar concentrations at equilibrium are : 

НІ= 2 - (2 X 0.229) = 1.542 mol E 

Н, = L = 0.229 mol E2 

The fraction of НІ decomposed = (2-1.542) X 100 = 22.9% 
2 


9.8.1 Heterogeneous Equilibrium 

The law of chemical equilibrium may also be applied to the 
Study of equilibrium in which the reacting species are not in the same 
phase (heterogeneous equilibrium). For thereaction, Zn(s) + CuSO, (aq) 


~__* ZnSO,(s)+Cu(s) on applying the law of mass action the 
equilibrium constant is given by 


K,= (2150, (а9)] [Cu(s)] 
[Zn(s)] [CuSO,(aq)} 
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By taking Cu (s) and Zn (aq) equal to zero the expression becomes, 
— [ZnSO,) 
[CuSO,] CuSO,] .... (9.20) 
9.9 IONIC EQUILIBRIUM 

In 1887, Arrhenius for the first time explained that when an 
electrolyte (a substance which conducts electricity in solution) is 
dissolved in a solvent, a portion or all of it dissociates into ions. 
The amount of an electrolyte present as ions varies with (i) its 
concentration, (ii) solvent used, (iii) presence of other electrolytes and 
(iv) temperature. Electrolytes like HCl, H,SO,, NaOH, etc. are almost 
completely dissociated into ions in aqueous solutions. For example, 
all the НСІ will be present as H* (more correctly H,O*, hydronium) 
ions and CI- ions in water. These are called strong electrolytes. On 
the other hand, electrolytes such as CH,COOH,NH,OH, etc. donot 
dissociate completely in solution. For example, when acetic acid is 
dissolved in water, H,O* and CH,COO^ ions and undissociated 
CH,COOH molecules are present. Such substances are referred to as 
weak electrolytes. 

In the case of electrolytes, an equilibrium exists between the 
unionized molecules and the ionic species. The principle used in 
describing ionic equilibria is the same as that of chemical equilibrium 
9.9.1 Ionization of Weak Electrolytes 

When acetic acid is dissolved in water, it dissociates partly into 
H,O* and CH,COOsions and the following equilibrium is established 

CH,COOH + H,O = CH,COO-+ H,O* 

Applying the law of mass action 


x = [CCOO] 
2  [CH,COOHI [H,O] 


In a dilute solution, H,O can be taken as constant. The product 
of К, and H,O is denoted as K,, the ionization or dissociation constant 
of the acid. 

Thus к=  [CH.COO][R.O"] (9,21) 

Я [CH,COOH] 

If C respresents the original concentration of the acid in mol 
L and œ is the degree of dissociation, then the equilibrium 
concentration of each of the ions (CH; COO: and H,O* ) will be Ca. 


_ СаХСа = Со? di 
Therefore, К, = Cta (а) (9.22) 
In case of weak electrolytes when the value of ais very small l-a) = 1 
Now the expression becomes, ED 
к 2Coor © = me Wirt (9.28) 


The degree of dissociation, 0, can therefore be calculated at a given 
concentration C, if K, is known. Since C is reciprocal of V (V is 
the volume in litres containing Ug of an electrolyte.) we have,. 


p 


oc [kv ...(9.23) 
Exercise 9.10 : Calculate the degree of dissociation and the 
concentration of H,O* ions of 0.01 M solution of formic acid. K, 
= 2.1 X 10 "at 298K, 
Solution : Formic acid is a weak electrolyte and ionises in water to 
give H,O* ions according io the equation : 
HCOOH + H,O == H,0*+ HCOO- 

Let a be the degree of dissociation. Then, the concentration 
of the various Species present at equilibrium would be as under : 
[H,0*] = Ca = 0.010; [HCOO) = Ca=0.010;[HCOOH] = С(1-о)= 0.01, 


Now using the equation (9.22), 
Cio? 0.01 X 0.01 Xo? 
K,- Саз) ^ 001 . = 00102 = 21х10 


z= 2.1X10* 5 1x 19 
"NI OOL SIM 


Degree of dissociation, œ = рл Х 1072= 0.14 
Concentration of Н,О* ions = Со=0.01 X 0.14 =1.4X10~mol = 


9.10 SOLUBILITY PRODUCT 


Insoluble substances like AgCI, BaSO,, PbCL, are in fact not 
completely insoluble when present in aqueous medium. A very small 


AgCl, the equilibrium тау be written аз: 
AgCl(s) ——> AgCl(aq)——> Ag*(aq) + Сад) 
or AgCl(s) —= Ag*(aq) + СЇ (aq) 
Applying the law of chemical equilibrium, 
к= ПА СЫ 
[AgCI] 
[AgCI] may be taken constant because of the fact th 
this solid dissolves in aqueous solution (by definition). 
Thus, К°х [AgCI = K, = [А87] icf] "M (9.24) 
The constant К js known as Solubility Product, and [Ag*] [СЇ] as 
ionic product, The ionic product is €qual to the solubility Product, 


K» in a saturated Solution of а Sparingly soluble electrolyte, For a 
salt M, X_, dissolved in water, K =[M"*]™ [x 


at very little of 


knowledge of the solubility of the sparingly soluble substance at a 
given temperature. 


TABLE 9.3. Solubility products (К) of some sparingly soluble salts at 298K 


Salt к, Salt K, 

AgCI 1.7 X 10” CuS 80 X 10-7 
AgBr 50 X 10” ZnS 7.0 X 10^? 
Agl 8.5 X 10-7 HgS 16 X 107* 
PbCl, 17 X 107 CaS 1.4 X 10“ 


Exercise 9.11 : At 298K, 0.00188g of AgCI dissolves in one litre 
of water. What is the К, for AgCI? 


Solution : [Ав] = WU ‘= 131 X 0 5mol L? 
Now, [Ag*] = [C 
Therefore, K, = [Ag*] [CH = 131 X 10*X 131 X 102 


=1.7X10" 
Exercise 9.12 : If K,, for CaF, is 1.7 X 10*° at 298K, calculate its 
solubility in mol 5! 
Solution : CaF, ionizes in solution as : CaF (5) = Ca?^«2F. 
In this case, for each mole of Ca**, twice the moles of F-ions 
will be present at equilibrium. Let x be the solubility of CaF,. Then, 
x moles of Са? and 2x moles of ЕЁ” аге present іп a saturated solution 


of CaF,. 
Kp = 1.7X 10? = [Ca^] [FP = xX(2x)?=4 х? 
огх = 3.5 Х 10" 


Therefore, solubility of CaF, = 3.5 . 10* mol Ія 
9.11 COMMON ION EFFECT 
Consider the dissociation of a weak acid, e.g., HCN 


HCN + H,O H,O* + СМ 
[90° [CN] 
It means that К, = HC has a constant value at a 


given temperature. If НСІ is added to the above equilibrium, then, 
the concentration of Н,О* is greatly increased. In order that K, remains 
constant, the value of CN- should decrease and that of undissociated 
HCN should increase. In other words, the above equilibrium will shift 
towards the left, thereby reducing the dissociation of HCN. In a similar 
manner, the ionization of HCN is suppressed in the presence of NaCN 
which furnishes an excess of CN7ions. Thus, the dissociation of HCN 
is suppressed in the presence of both H* and СМ іопѕ. It implies 
that the dissociation of a weak acid is suppressed by the addition 
of a substance capable of furnishing an excess of ions common to 
einner of the ions of the acid. Arguing in a similar manner, it can 
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be concluded that the dissociation of a weak base, e.g., NH,OH will 
be suppressed by the addition of either NH,CI or NaOH. This effect 
is called the common ion effect. It may be summarized as; “The 
dissociation of a weak electrolyte is suppressed (reduced) on 
addition of a strong electrolyte having an ion common with that 
of the weak electrolyte", 
Exercise 9.13 : A weak acid, HCN, is dissolved in water so that the 
initial concentration is 0.1 mol I=. It is found to be 1% dissociated. 
What is the dissociation constant? Calculate the concentration of H,O* 
ions when KCN having the concentration 1.0 mol 1-1 is added to 
it. 
Solution : Acid dissociates according to the equation 

HCN + H,O Н,0* + CN- 
It is only 1% acid that dissociates. Therefore, the concentration o1 
HCN dissociated = [HCN] [0.01] 

= (0.1)(0.01) = 0.001 mol/L 

[H,O*] = 0.001 mol/L; [CN] = 0.001 mol/L 

НСМ шеказ) = 0.160.001 = 0.1 
Dissociation constant, K, 


K= icu Ў 0.001 X 0001 =10 X 1055 


After adding KCN : Let the concentration of H,O* be x mol/L 
ICN = [CN icy + [CN7 (from dissociation of HCN) 


[СМ ск = 1.0 mol/L (since CN-from the disso- 
ciated HCN is very small) 


[HCN] = 0.1 H,O* 22 0.1 (due to small ionization of HCN) 
iE su CX 10 = 10x10” 


[H,O"] = 1.0 X 10% mol/L 
9.12 ACID BASE EQUILIBRIUM 
9.12.1 Acid-Base Concepts 


(i) Arrhenius (1887) defined 


4 ( € : an acid as a substance that will 
dissociate to yield hydrogen ion While a base is one that will dissociate 
to yield hydroxyl ion in an aqueous solution. 
ves + H,O ә H*(aq) + СГ (aq) 
ci 


Pee + HO Na’ (ag) + OH lag) 
ase 
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НСІ + H,O ==> H,O* + СІ; NH,+H,0. NH,’ + OHT 

(Acid) (Base) 
On this basis they postulatea that “species naving a tendency to 
donate a proton.are acids and those which accept a proton are 
bases". Thus, in the first reaction above, HCl is an acid and water 
is a base. In the other reaction H,O is an acid and NH, is a base; 
NH,'is an acid and OH- is a base. Hence, we are led to the conclusion 
that for an acid-base equilibrium, there are two acid-base pairs. The 
base formed from an acid is referred to as the conjugate base of the 
acid. Correspondingly, the acid formed from a base is called the 
conjugate acid of the base. An acid-base pair differing by a proton 
constitutes a conjugate acid-base pair. For the above reaction, СІ is 
the conjugate base of НСІ and H,O is the conjugate base of H,0*; 
HCI is the conjugate acid of base Chand H,O* is the conjugate acid 
of base H,O. This concept is further illustrated below (Table 9.4) for 
a series of common acids and bases 


TABLE 9.4 - Conjugate acid-base pairs 


Acid, Base Acid, Base, 
HNO. + Hon OF + NO;7 
NH * HO — —- ЊО * NH, 
HO * CN EL HCN V OH— 
H,O + NH, ———> NH; + OH 
HCI + ——+ NH. + Cis 
50, + HO ——— Hj + HSO;- 
Ho bL ge CO;—— ——e НСО; + oH- 
HCN + HO ———- HO + CNT 


tn ——— 


Strengths of Acids and Bases 

Since acids are substances capable of losing a proton, the 
tendency to lose a proton would be a measure of its acid strength. 
Similarly, the strength of a base is determined by its tendency to accept 
a proton. In this respect, a strong acid would. have least affinity for 
a proton and get completely dissociated to give a proton. This means 
that its conjugate base cannot hold the proton and is thus a weak 
base. For example, in an aqueous solution, HCI is a strong acid and 
its conjugate base, CFis a weak base. In general, the stronger the 
acid, the weaker is its conjugate base. Conversely, the conjugate base 
of a weak acid is a strong base, e... СМ 1 a strong conjugate base 
of the weak acid, HCN. yu 

A strong base, on the other hand, has a strong. affinity for a 
proton, Therefore, the conjugate acid of a strong base is a weak acid 
and the conjugate acid of a weak base is a strong acid. The stronger 
the base, the weaker is its conjugate acid. In water, CO?^- is a strong 


base and HCO; is its weak conjugate acid. Similarly, NH,” is a strong 
conjugate acid of the weak base, NH,. 
The strength of an acid is determined by measuring its dissociation 
constant, К,. The larger the K, the stronger is the acid. For example, 
К, for HF is 6.7 X 10“ while that of acetic acid is 1.8 X10™ It 
meansihat the dissociation of HF in water is more as compared to that 
of CH,COOH. Thus, the former is a stronger acid. 
Exercise 9.14 : Find the concentration of H,O* ions in a mixture of 
0.002 M CH,COOH and 0.01 M CH,COONa. The dissociation constant 
for acetic acid is 1.8 X 10%. 
Solution : Acetic is a weak acid and ionizes partly. Let x be its degree 
of ionization. We have : 
CH,COOH + H,O CH,COO-+ H,O* 
0.002(1-x) 0.002x 0.002x 
Sodium acetate ionizes completely in solution. Thus : 
CH,COONa — — —? CH,COO-+ Na* 


0.01 0.01 
In Solution : 
[CH COO „ = [CH COO} (from acid) + [CH,COOf (from salt) 
= 0.002 x + 0.01 
= 0.01 (as x is very small) 
[СН,СООН] = 0.002(&x) = 0.002 (as x is very small) 
Substituting the values in the expression for К, we have 
[H,O*] [CH,COO3 [H,0*] X0.01 
K,= or 1.8 X 10% = —————_- 
[CH,COOH] 0.002 
Thus,{H,O*]}= 18х10*х0002 10-0002 = 36 х 105 mol І" 


(iii) Lewis (1923) defined substances as acids and bases іп terms of 
electrons pair. When an acid donates a proton to a water molecule, 
it may also be seen that proton accepts an electron pair from the 
oxygen atom of H,O. _ ve H 

H: Cl: +H:0:H—— [:Cl:}+ [H:0:H]* 
According to Lewis : The species which are capable of accepting 
a pair of electrons are acids and those which can donate a pair 
of electrons are bases". In the following reaction between NH. and 
BF,, nitrogen donates an electron pair to boron. Thus, ammonia is 
called a Lewis base and boron trifluoride a Lewis acid. . 
HN: + BF, —>H,.N—BF, 
(Lewis base) (Lewis acid) 
In general, metal ions act as Lewis acids and anions as Lewis bases 
Ag’ + 2CN ———> [NC — Ag <— CNF 
(Lewis acid) (Lewis base) 
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NH, 
Си" + 4NH, ——> oes |e NH,}* 


(Lewis acid) (Lewis base) 
9.12.2 Ionization of Water 

In the ionic reactions, water is used as solvent. Water can act 
as an acid as well as a base which depends on the substances with 
which it reacts. The ionization of water can be represented as 

2H,0 === H,0° + OH- 

Thus, even if we do not add an acid or a base in water, some 
H,O* and OH ions will always be present in it. The equilibrium 
constant for the ionization of water can be written as, 

y, ЖОЛОН 

> [H0] 
As water is a weak electrolyte, [H,O] can be taken constant. The 
product of KX [H,O] is known as ionic product of water (К,). 
Hence, K — LORONI i р A aris (9.25) 
At 298K, we know that 
[Н,О*] = [OH] = 10 
Hence K, =1.0 x10% mo? L2 
As the dissociation of water varies with temperature, the K, of water 
is different at different temperatures. For example at 323K, 

K, 2 5.48x107* 

9.12.3 Effect of addition of an Acid or a Base on Ionization of 
Water 

Addition of an acid or a base would bring a change to the extent 
water ionizes i.e. the H,O* and OH will increase or decrease. Addition 
of an acid increases the H,O* ions concentration in water while addition 
of a base decreases [H,O*]. However, the ionic product of water will 
remain constant at a given temperature. 

Exercise 9.15 : The ОН: concentration of an aqueous solution is10? 
mol I ~' at 298K. Find ош the concentration of H,O* ions. 
Solution: Weknow К, = [H,0*] [OH] 
or HO* =K, _ 
[OHH 
£107. = 10°mol I? 
10° 
Exercise 9.16 :The [H,O*]in a solution is 5.48 X105 mol E?! at 323K. 
Find [OH]. Given K, at 323K = 5.48 X 10¥mol? L- 
Solution : We know К, = [H,07] (09% 
1 Ку _ 5,48: 1094 
or [OH] — * THOT 5.48 x 105 
= 10*mol E? 
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9.12.4 pH Scale 

The addition of an acid or a base brings a change in [H,O*] 
ions in water solutions. A 1M solution of a strong acid contains 1 
mol L` H,O* ions, Thus, the concentration of H,O* ions in water may 
change from 1 or more moles рег litre to 107 ‘or less. Also, НО“ 
concentration affects a large number of biological and industrial 
processes; its use in the studies is important to ascertain the acid- 
base behaviour of a solution. Sorenson (1909) suggested a new scale 
to express the concentration of H,O* ions in an aqueous solution which 
is known as pH scale. He defined pH as the negative logarithm (base 
10) of H,O* concentration in moles per litre. 
pH = LR Ws Е Т а cn (9.26) 
Thus, at 298K, pH of water is 

pH = log [107] = 7 
when an acid is added to water, H,O* concentration increases and 
consequently pH of the solution will always be less than 7. Similarly, 
addition of a base to the solution will result a pH higher than 7. 
Thus, one can say that an acidic solution will have pH less than 7 
and a basic solution more than 7. Solutions of pH = 7 are referred 
to as neutral solutions. с 
Жасак ааа салыу: 

H,O* 1 1041021021010 51041071050 910 0102102102104 

Оа ota) Oe kero 7730911 19 13^ 14 

Neutral 
рН - scale 

Exercise 9 17 : What is the pH of a solution whose H,O* ions 
concentration is 5.2 X 10%mol 2. 


Solution : pH =- log 5.2 X 10-8 
=- [log 5.2 + log 107°] 
=-0.716+8 
= 7.284 

9.12.5 Buffer Solution 


The solutions which resist pH change when small amounts of 
acids or bases are added to them are called ‘buffer solutions’. They 
contain a wéak base and its salt with a Strong acid (e.g., NH,OH 
+ NH,Cl) 

Let us see how such a solution works, taking an example of 
CH,COOH and CH,COONa buffer. The species present in solution 
are: 


CHCOOH + H,O CH,COO+ H,O* 

CH,COONa CH,COO+ Na* 
The ionization of acetic acid is very small due to the presence of 
an excess of its common ion, i.e., acetate ions, Thus, the buffer solution 
contains a large amount of unionized acetic acid, large amount of 
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acetate ions and a small amount of H,O* ions. If a strong aci ike — 


НСІ is added to this solution, H* ions from НСІ will combine with 
the acetate ions present in the solution to form unionized acetic acid. 
Hence, H,O* ion concentration, or pH of the solution remains 
essentially the same as that of the original solution. On the other hand, 
when a strong base like NaOH is added to the buffer solution; OH- 
ions from NaOH react with H,O* ions present in the solution to 

form unionized water. The decrease in the concentration of H,O* ions 
is made up by the tendency of the acetic acid equilibrium (CH,COOH 
+H,O=CH,COO- + H,0*) to get readjusted. Arguing in the same 
manner, it can be concluded that a mixed solution of NH,CI and 
NH,OH will resist any change in its pH value on the addition of 
a small amount of an acid or a base. 
9.12.6 pH of Buffers 

To determine the pH of an acid buffer ( a weak acid + its 
salt), the following equation is used 

de [Salt] 

pH = pKa + log о a Уу (9.27) 

Similarly to determine the pH of a basic buffer (a weak base 
+ its salt) the equation employed is . 


pOH = pKb + log к E (9.28) 
берил н pm Ur am Ed (9.29) 


Exercise 9.18 : Calculate the pH of 100 cm? of 0.1 M acetic acid 
to which 50 cm? of 0.1 M sodium hydroxide has been. added. The 
dissociation constant of acetic acid is 1.82 X 10% at 298K. 

Solution : The equation for the reaction between acetic acid and 
sodium hydroxide may be written as : 

CH,COOH + Маон === CH, COONa + H,O 

It follows that an excess of acid will remain when 50 cm? of 
0.1 M NaOH solution is added to 100 cm? of 0.1 MCH,COOH solution; 
the final solution will be a mixture of sodium acetate and acetic acid. 
Such a mixture, composed of a weak acid and the corresponding salt 
of a strong alkali, will be a buffer solution. 

The pH of a buffer solution, which remains approximately 
constant even if small amounts of acid or alkali are added, is dependent 
upon the relative amounts of acid and salt present in the mixture. 
The pH may be calculated from the equation (9.48). 

50cm? of 0.1 M NaOH solution would contain 50 X 0.1 = 0.005 
moles of NaOH. 1000 

From the chemical equation above, it follows that 0.005 moles 
of NaOH must produce 0.005 moles of the salt, sodium acetate, and 
there will be an excess of 0.005 moles of acetic acid. 
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Since we are concerned with the ratio [Salt]/[Acid], it is not 
necessary to convert the amounts of acid (0.005 moles) and salt (0.005) 
moles) to concentrations expressed in moles per litre. The 
concentrations will be expressed in effect as the number of moles 
per total volume of solution (which will be 150 cm? approximately). 
Substituting the values in equation 9 27. we have 


= -Q05 = 474 
pH = 4.74 + log 005 


Exercise 9.19 : Calculate the amount of NH, and NH,CI needed to 
prepare a buffer solution of pH = 9 so that the total concentration 
of buffering reagents is 0.5 mol/L, (K, for NH, at room temperature 
is 1.80 X 105 and K, = 1074) 
Solution : As the buffer is to be prepared from the base and its salt, 
it is easier to use the equation 9.28 
он = {Salt] 

p pK, + log [Base] 

For a buffer of pH equal to 9, pOH will be 5 ( pH + pOH 
= 14) substituting the values in the equation 9.28, 


5 = 4.74 + log Баш ог [Sal] = 1.80 
[Base] [Base] 


Therefore, NH,CI and NH, should be taken in a ratio of 1.80. 
Now the total concentration has to be 0.50 mol/L. Let the concentration 
of NH, be x mol/L then the [NH,Cl] = (0.5 - x) mol/L 

Substituting values in the above equation, 


0.5 - 
> =1800г х= 0.1786 moles 


Thus, 0.1786 moles NH, and 0.3214 moles NH,CI should be 
dissolved in one litre solution. 


SELF ASSESSMENT QUESTIONS 


MULTIPLE CHOICE QUESTIONS 
94 Put a (v) mark against the most appropriate choice : 

(1). For the gas phase reaction H,+1, === 2HI, the equilibrium constant А 
changes with (a) total Pressure (b) catalyst (c) the amount of Н, and t 
present (d) temperature. 

(i) The oxidation of SO, by 
of SO, will be maximum if 
(a) temperature is increased and pressure is kept constant 
(b) temperature is decreased and pressure is increased 
(c) both temperature and Pressure are increased 

* (d) both temperature and Pressure are decreased 

(ii) ^ Two moles of NH, gas are introduced into a previously evacuated one litre 

vessel in which it partially dissociates at high temperature 


2NH,(g) N,(g) + ЗН, (в) 
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O, to SO, is an exothesmic reaction, The yield 


— EEE OO 


(v) 


(у) 


(vi) 


vii) 


(viii) 


(ix) 


(x) 


(xi) 


(xii) 


At equilibrium, one mole of NH,(g) remains. What is К? 

(а) 27/64 mol? litré*%b) 3/4 mol? litre? (с) 3/2 = moP litre ? 

(d) 27/16 = moP litre? ДЕ, 

What condition will favour the exothermic ammonia synthesis 

N,(g) + 3H,(g) = 2NH,(g) 

(a) high temperature, high pressure (b) high temperature, low pressure, 
(c) low temperature, high pressure (d) low temperature, low pressure. 

For the endothermic reaction : 

№8) + O,(g) 2NO(g) 

Which one óf the following statements is true ? 

(a) M, is independent of temperature (b) K, increases аз temprature 
increases, (c) К. decreases as temperature increases, (d) Ko varies with 
the addition of NO 

If the equilibrium P,(g) + 6 Cl,(g) —-> 4 PCI, (в), is attained by adding 
equal numbers of moles of P, and Cl, to an evacuated vessel, which of 
the following must be true at equilibrium ? 

@ [CPCI] b; [CL PtP.) 

©) [PJC] @) (PCL ЫР] 

Consider the two gaseous equilibria involving SO, and O, the 
corresponding equilibrium constants at 298K are 

SO,(g) + 120, === 50,8); К 


250,68) ===> 250,08) + 0,08); К, 
The values of the equilibrium constants are related by 
(a) K, - K, (9 K,- 


(с) К, = 1/K?, (d) K, = 1/K, 

Which one of the following mixtures is at equilibrium at a constant 
temperature if К, = 3 for the equilibrium 

2NH,(g) = N,(g) + 3H.) 

Partial pressures of various gases are 

NEB Ж Р њ (in atm.) 


eon zh 1 lis 
(Бу: 53 3 2 
(Q 4 6 2 
( 6 1 2 


1 mole of NO, and 2 moles of CO are enclosed in a one litre vessel to 
attain the following equilibrium, 

NO; СО z— — — - МОН СОЈ 

It was estimated that at equilibrium 25% of initial amount of CO is 
consumed. The equilibrium constant K, is 

(21/4. ()1/3 (с) 102 (51 

What will be the units of K, for a gas phase equilibrium of the following 
reaction 

2NO(g) + CL(g) IL 2NOCI(g) 

(a) mol dnt^*(b) mol dni^' (c) dm? то] -/(9) being a ratio, it would have 
no units. 

Which of the following reactions has the leasttendency togo to completion? 


(à) 2NOCig) = ОЕ) " PD K 3 A х 10-* 

(b)  H,(g) + СІ, (в) = 2HCI(g) К = 3.2: 

() Nig) + ow T 2Now) ; K=5.0 x 107" 

(d) 2H (g) + Og) 2H,0(g ; K = 1.7 х 10” 

When equal volumes of the following solutions are mixed, precipiiauon 
of AgCI (К, = 1.8 х 10") will occur only with 

(a) 10 *M(Ag*)and1O *M (Cr) 

(b) 10 'M (Ag? and 10°*M (CH) 
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ey se Oe yop pau ru Tt) 
(d) 10 юм (Ag*) and 10: "M (СГ) , i 
(xiii) Amongst the trihalides of nitrogen, which one is least basic 
а) NF, (b) NCI, (c) NBr, (d) N 
(xiv) bia loses] di equal concentration of HX and ХТ The 
K, for HX is 107%. ТЋе pH of the buffer is 
(а) 4 ©) 7 (c) 10 (d) 14 
(xv) Which of the following salt solutions is basic ? 
(a) НОСІ (b) NaOCl (c) NaHSO, (d) NH,NO, 
(xvi) The pH of a 1075 molar solution of НСІ in water is 
(a) 8 (b) 7 (c) between 6 and 7 (d) between 7 and 8 s 
(xvii) A certain weak acid has a dissociation constant of 1.0 x 10-7 * The 
equilibrium constant for its reaction with a strong base is 
(a) 1.0 X 107b) 1.0 X 107 (c) 1.0 x 10% (d) 1.0 X 10“ 
(xviii) According to Lowry-Bronsted concept the relative strength of the bases 
CH,COO OH and Cf follows the order 
(à CH,COO-> ОНЪ e 
(o, Ol »CH,COO^CI- 
() CH,COO> Cr> OH— 
(d) OH—Cr»CH,COO- 
(xix) The expression for the solubility product of CaF, is Кар is 
(a) [Ca?^] [2F3 (5) [Ca] [EP (с) [Са*] [F3 (4) [Са] DET 
(xx) Let the solubility of AgCI in water, in 0.01M CaCl, in 0.01 M NaCl and 
in 0.05M AgNO, be S, S, S, and S, respectively. The correct order of 
these solubilities is 
(А) $,»323,2$, 
(B) S 1 5, = 5, = 5, 
(С) S,>S,=S,>S, 
(D S,>S,>5,>S, 
Fill in the blanks 
(i) If matter neither enters a system, nor leaves it, the system ges 
(ii) Constancy of macroscopic properties in ajan ... system represents 
a steady state. 
(iii) Vapour pressure of а рше ѕојует is always ... than that of ùe 
ideal solution 
(iv) Equilibrium is а... state. At equilibrium R, and are ... 
(v) According to the law of mass action the reaction quotient Q is 
«ran at the equilibrium state. 
(vi) For a reaction the value of Kp is equal to K, at constant temperature 
if ...for the reaction. 
(vii) For deliquscence to occur the vapour pressure of water in air must 
^. the vapour pressure of pure salt. 
(viii) For a particular reaction the value of equilibrium constant can be 
changed by .... 
(ix) In the reaction a 
A HO == HA+ OH 
A functions as a/an ..... 
(х) pH of 105 M NaOH is ..... 
Point Out the Correct Statements of the Following 
G) When a liquid and its vapours are in equilibrium and the pressure 
is suddenly decreased, cooling occurs. 


(i) Тһе solubility of a gas decreases in water as the pressure of the gas 
above water increases. 


(iii) Le Chaterier's principle predicts that an endothermic change will be 
favoured at high temperature. 
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(v) A catalyst decreases tne value of equilibnum constant or an exoinermic 


(v) The equilibrium L9 
М H,(g) + L(g) ЕЕЕ: ш 
shifts to the left at constant temperature if the volume of the container is 
increased, 
(vi) For the equilibrium 
NO, (8) == 2030,00) 
at any Mon S | is constant. 
(vii) For the equilibrium 
CuO(s) + Нр) ——— ——— Cu(s) + Н,0(1) 
the expression for Ke is 1 


(viii) Кэр for AgCI is 1.21 x 107* The solubility of AgCl in water is 1.1 x 


10^*5mol ЕЗ 
(ix) A buffer is obtained if 0.4 mol of etnanoic acid is mixed with 0.2 то! 
of NaOH. 
| (х)  H,O*and OH"is a conjugate acid - base pair. 
94 Match the following choosing one item from Column X and the appropriate 
item from Column Y R 
i Column ‘X? Column ‘Y’ _ 
чё # 
(A) Bronsted acid @ high boiling point Е 
(В) Buffer solution Gi) cr 
(C) Closed system Gi) ре -р" WoW = 


(0) Equilibrium state (v) МН, 
(E) Heterogeneous system (у) 0.4 mol CH,COOH + 02 

mol NaOH : 
(Е) Ionic product of water (vi) AgNO, + NaCl > AgCl+NaNO, 
(G) Irreversible reaction (vii) matter does not exchange 


between the system and the 
| surroundings 
| (Н) Low vapour pressure — (viii) AG=90 
M p# бх) PCI,(s) z— PCI (8) + CL(e) 
(J) Lewis base (х) 1.0 x 107* 
SHORTANSWERQUESTIONS 
9.5 Give answer in one or two sentences for each of the followings 
(i) Why a bottle of liquor ammonia should be cooled before opening the 


i stopper? 
(ii) ^ Why а cook does not cry as much when cutting onions taken out from 
the freezer as when cutting a warm one ? 1 
(iii) ^ Considera reaction mixture ^ 
PbCL(s) + C0? (1.0 x 10 -M==PdC,0,(s) + 2С17(0.5М) 
is at equilibrium at 298K. What woula be the effect on the concentration 
of СО, some NaCl solution was added to the equilibrium mixture? 
(iv) Write the concentration quotient for the reactions, 
(a) 2NO(g) + Сі, (в) 2 2NOCKg) 
(b) CaCO, (з) ——E Fa0(s) + CO,(g) 
(у) Consider the equilibrium , 
CO(g) + Cl (e) COCL 8) 
at constant temperature, predict the direction to which the system would 
shift if the pressure is increased by decreasing the volume of the container. 
(vi) Consider the following reaction between methane and steam to form carbon 
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9.1 


9.2 


93 
94 


9.5 


9.6 


97 


9.8 


9.9 
9.10 


9.11 


(vii) 


(viii) 
(ix) 
(x) 


monoxide and hydrogen at 1000K 

CH,(g) + H,O(g) === СО(в) + 3H,(g); A H = -206] 
Predict what would happen to the equilibrium concentration of hydrogen 
if 
(i) temperature is increased 
(1) the pressure of the equilibrium mixture is increased. 
(iii) a catalyst is added. , 
How will the pH change if 500 cm? 0.2МНСІ is diluted to 1 litre solution? 
Solution of the electrolyte MX is saturated or unsaturated if 

[V] [X1] > Ksp. 
Write balanced equations for the hydrolyzis of (a) F*(b) NH,* 
Indicate the pH of the aqueous solutions. 
What is the concentration of H* ions in a 0.1M solution of hypochlorous 
acid, НОСІ (Ky 5X10- ). 

TERMINAL QUESTIONS 

Write an equilibrium constant expression, К), for each of the following 
reactions ? 
(a) 2NO() + О (в) === 2NO,(g) 
(b) NH,(g) + O,(g) === NO(g) + N,O(g) (Not balanced) 
(c) 2NaHCO,(s) um Na,CO,(s) + СО, (в) + H,O(g) 
(d) СО, (х) со, 
(е) CS,(1) + CL) == ССІ, (1) +S,CL(1) (not balanced) 
(0 Ag,CrO,(s) 2Ag*(aq) + СО ад) 
Write an equilibrium constant expression K,, for each of the following 
'equilibriums ? 
© ной) z——c-Hog  . 
6) NOG 2NO,) 
Gi) РО, (8) + PCO 10 
(v) 2H,S(g) + 30, 2Н,0(8) + 2S0,(g) 
What is meant Бу а dynamic equilibrium ? 
Arrange the following reactions in the order of their decreasing tendency 
to proceed toward completion. 
(i) 4NH,(g) + 30,(¢) === 2N,(g) + 6H,O(g) К = 1 X 10° 
Gi) N,(g) + O,(g) 2NO(g) RS X 10% 
Gii) 2HF(g) — — H) + Fg) K, = 1X 1086 
Explain in brief the relationship between - 
(i) the rates of chemical reactions and the equilibrium constant 
(ii) the equilibrium constants K с and K 
(iii) x reaction quotient, Q, and the equilibrium constant expression 


H i c 
in a 5 litres flask, 2 mol O, 1 mol SO, and 4 mol SO, are enclosed at 
500К. If Kgfor the reaction 2$О,(в) + 0,(g) ==2S0,(g) is 100 at 
500K. Can the above mixture be maintained indefinitely at 500К ? If not, 
in which direction will the reaction occur ? 
Identify each of the following as Arrhenius acids or bases. For each, write 
a chemical reaction to show its reaction with water. Indicate the pH of 
aqueous solution (i) CaO (ii) O* (iii) HF 
Hydrogen sulphide is a stronger acid than phosphine, PH,. What would 
you conclude about the strengths of their conjugate bases, HS and PH 
Which would be expe 
Explain. 
How is p" defined ? How is p defined ? Why does p" + p? = 14? 
s . NUMERICAL PROBLEMS 

or the reaction H,O(g) + CO(g) ear H,(g) + CO(g) at 44dK the 
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2 
cled to be a stronger Lewis base, NH, or NF, ? 


9.12 


9.14 


9.15 


9.16 


9.21 


9.24 


9.25 


equilibrium concentrations МОЎ are —————— 
О] = 0.45 ; [CO] = 0.60 ^ 

[H,] = 0.50 and [СО,] = 0.42 

What is the value of K (Ans. К, = 0.78) 

A 1.0 litre reaction flask containing the equilibrium mixture CO + Cl, === 

was found to contain 0.40 mol of СОСІ,, 0.10 mot af CO, and 

0.50 mol of Cl, If 0.30 mol of CO is added at constant temperatnre, what 

will be the new concentrations of each component at equilibrium ? ([CO] 

= 0.22M ; [CL] = 0.32M ; [СОСІ = 0.58M) 

At 450K an equilibrium mixture of РСІ,, PCI, and Cl, in a 5 litre conainer 

consists of 0.50 mol РС1„ 0.15 mol РСІ,, and 0.40 mol Cl. 

Calculate K, and Ky for the reaction 

PC(g) === PCI (8) + Cg) (24 < 107; 0.88) 

One mole of М, and 3 moles of PCI, are placed in a 100 litre vessel heated 

to 500K. The equilibrium pressure is 2.05 atm. 

Assuming ideal behaviour, calculate the degree of dissociation for PCIS 

and equilibrium constant for the reaction 

РСІ,(8) == PCL (g) + Cl. (33.39); Kp = 025 (IIT 1984) 

For the equilibrium H,(g) + L(g) «= 2НІ (8) 

The equilibrium constant Ку. is 50 at 500K. 

What will be the equilibrium concentrations if 1 mol H,(g), 2 moles L(g) 

and 3 moles HI(g) are enclosed in a 1 litre evacuated vessel and the reaction 

mixture is heated to 500K ? 

Ans. (ЕН, = 0.30 mol ; [L] = 1.70 mol; [HI] = 4.40 mol) 

One таео! N, is mixed with 3 moles of H, in a 4L container. If 0.25% 

of N, is converted to ammonia by the following reaction - 

N,G) + 316) 2NH,G) 

Calculate the equilibrium constant K, in concentration units. What will be 

the value of К, for the following equilibrium 

12N,(g) + 3/2 Hg) === NH (e) (1.48 х 105L? mol?, 3.82 х 10°L 

mo} 

What is the hydroxide ion concentration in a solution whose p” is 102 

? (1.58 X 10™) 

The solubility products of CaC,O, and Na, AIF, are the same (4 x 10%). 

Which of these salts will be more soluble in water ? Are 

The solubility product of lead bromide is 8 * . If the salt is 80% 

dissociated in saturated solution, find the solubility of the salt. (12.44 g 

19) 

What is the percentage hydrolysis of NaCN іп №80 solution when the 

dissociation constant for HCN is 1.3 x 10 ?and К, = 10 “? (2.48) . 

When water is saturated with Ca(OH),, the observed p" of the solution 

is 12.137. Calculate the solubility product of Ca(OH),. (1.29 » 10*) 

Calculate the concentration of H,O* ions in a solution of acetic acid with 

K, = 1.8 x 107*.Given that the acid is 0.3% ionized at the given 

concentration. (6 x 10°М) 

pK value for acetic acid is 4.76 at room temperature. How will you obtain 

a buffer of pH value 5.40 from acetic acid and sodium acetate ? 


What will Бе pH of a solution obtained by dissolving 5g acetíc acid and 
7.5 g of sodium acetate in water and making.the volume equal to 500 
mL (К, = 1.8 х 10 at 298K) ? (4.78) 

The dissociation constant of a weak acid HA is 4.9 x 10*. After making 
the necessary approximation, calculate 

(i) percentage ionization 
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91 
9.2 


93 
94 


9.5 


Gi) 
@ 


pn and (iii) ОН concentranon in a decimolar solution ot ine acid. 

Water has pH of 7 (ПТ 1983) 

0.07%; (ii) 4.16; (iii) 1.43 «10 1M) Я 
SELF QUESTIONS 


TO ASSESSMENT 
G) d (ii) b (iii) d (iv) c (v) b (vi) c (vii) c (viii) c (ix) b (x) c (xi) c (xii) 
а (xiii) a (xiv) c (xv) b (xvi) c (хуй) cz viii) b (xix) b (xx) b 


aclosed system 


dynamic, equal 

equal to equilibrium constant 
An is equal to zero 

exceed 

changing the temperature 
base. 


G) T Gi) F (ii) T (iv) F (v) F (vi) T (vii) F (viii) T (ix) T (x) F 
(A) (9 ; (B) (0) ; (О) (vii); (D) (viii) : (E) (д);  &) : (0) (уй: (Ну 


@; © Gii) () Gi) Я 
(i) Vapour pressure of ammonia inside the bottle is reduced on cooling. 
(ii) At low temperature vapour Pressure is also low - 
(ii) ^ Concentration of C,O;* ions would increase. 
0) @ gs! 
[NO]? [CL] 
©) =Po, 
(v) There is decrease in volume when the reaction proceeds in the 
forward direction, thus increase in Pressure would shift, the 
reaction to forward direction . 
e) @ [H,] decreases 
Gi) [H,] decreases 
(ii) [H,] unaffected 
(vii) РН increases from 0.699 to 1.0 
(viii) ^ Saturated 
Gx) Ga) F + HO 2 HRO" 7 
® NHS +20 L—NH me Qna; 
(x) H Jiac-Iso X10* x 0.1 
27.1 x 10*mol bt 
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UNIT 10 


Redox Reactions 


БИШНЕ PM nsi Ar nda crus vos te at ci Oe чь 


ss Upon this principle the whole art of making experiments in chemistry is founded : we 
must always suppose a true equality between the principles of the body which is examined 
and those which are obtained on analysis. 


Antoine Laurent Lavoisier 
(1743-1794) 


VhpUGI ^ STE Loi er УН ШЕЕ Өл Lint eS D 


UNIT PREVIEW 


10.1 Introduction 
10.2 Oxidation and reduction as an electron transfer process 
10.2.1 Oxidation and reduction 
10.22 Electrode reaction 
10.3 Redox reactions in aqueous solution - electrochemical cells 
10.3.1 Salt bridge and its functions 
103.2 Conventional representation of :galvanic cells 
104 EMF of a @alvanic cell 
10.4.1 Concept of electrode potential 
10.4.2. Types of single electrodes , 
10.4.3 Experimental measurement of electrode potential 
10.4.4 Measurement of EMF of a cell using potentiometer 
10.4.5 Electrochemical series 
10.4.6 Applications of electrochemical series 
10.5 Other voltaic cells 
10.6 Dependence of EMF on concentration and temperature 
10.6.1 The electrode potential 
10.6.2 The cell potential 
10.6.3 Electrical units 
10.6.4 Electrical work and free energy change 
10.6.5 Equilibrium constant and standard cell potential 
10.7 Electrolysis 
10.7.1 Electrolysis of acidified water 
10.7.2 Laws of electrolysis 
10.7.3 Applications of electrolysis 
10.8 Oxidation number Р 
10.8.1 Redox reactions in terms of oxidation number 
10.8.2 Oxidation and nomenclature 
10.8.3 Balancing of oxidation and reduction rections 
10.8.4 Applications of redox reactions 
Self assessment questions 
Terminal questions 
‘Answers to self assessment questions 


LEARNING OBJECTIVES 


At the completion of this unit, you should be able to : 
E Understand the meaning of oxidation and reduction as applied to chemical changes 


‚ 
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2. Describe an electrochemical cell as composed of an oxidation and a reduction half- 
Teactions physically separated so that electron transfer occurs through an external 
circuit from the anode (oxidation) to the cathode (reduction). 

3. Sketch the electrochemical cells (galvanic cell) to show the anode and cathode, the 
half-cell reactions and the direction of electron and ion flow. 

4. Relate the EMF (emf) of a cell to the difference between the potentials of the two 
half-cells. 


5. Define standard electrode potentjal in relation to the standard hydrogen electrode. 
6. Calculate cell potential from electrode potentials. 

7 Account for the dependence of emf of a cell on concentration and temperature. 
8 Describe the phenomenon of electrolysis 

9. State the laws of electrolysis 

10.  Distinguish between the electrochemical cell and the electrolytic cell. 

ll. Understand the meaning of oxidation number and its significance, 

12. Use half-reaction equations to balance oxidation - reduction equations. 

13 Use the oxidation number for balancing a chemical equation. 

14. Emphasize the importance of redox reactions. 

15 Appreciate the mutual exchange of electrons in redox reactions. 


10.1 INTRODUCTION 

The type of chemical reactions described as oxidation-reduction 
often contracted to redox is a Subject of great importance in chemistry. 
Chemical reactions are a source of energy as the elements tend to gain 
or lose electrons in the drive towards stability. 

Burning of coal, combustion of petrol in an automobile engine etc. 


Addition of OXygen to a substance gives the oxide of that sub- 
stance. For example, oxygen reacts with carbon, sulphur and phosphorus 
and forms carbon dioxide, sulphur dioxide and phosphorus pentoxide 
respectively. In a similar way hydrogen combines with oxygen and chlo- 
rine, their binary compounds - water and hydrogen chloride are pro- 


OXygen from or the addition of hydrogen to 
well explained by the following examples : 
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Ге 
2H,(g) + О, (8) — 2H,0(1) 


L Reduction 


ram а 

H,(g) + CL(g) — 2НС1 (8) 
LReducation 
Oxidation 


CuO (s) + H,(g) —» Cu(s) + H,O (g) 
ПАКОЯ e 


The substance that furnishes oxygen or removes hydrogen is called 
an oxidizing agent (oxidant). Oxygen, chlorine and cupric oxide in- 
volved in the above reactions are, thus, oxidizing agents. These sub- 
stances have been reduced in the reactions. Similarly a substance that 
supplies hydrogen or removes oxygen is a reducing agent (reductant). 
Hydrogen, thus, acts as a reducing agent in the reactions portrayed 
above. It has been oxidized in all the above reactions. 

10.2 OXIDATION AND REDUCTION AS AN ELECTRON 

TRANSFER PROCESS 

All the reactions you have come across involve the loss and gain 
of electrons. When a metal reacts, the lattice loses electrons, forming 
positive ions. The electrochemical series tells you how easily this proc- 
ess takes place when metals react with water, acids or solutions of other 
metal salts. These electrons lost from ће metal atoms may be consumed 
by: 

hydrogen atoms in water or acids, 

the ions of a less reactive metal, or 

the atoms of a nonmetal 
When nonmetals react, their atoms accept electrons, and thereby become 
negative ions. These electrons, gained or accepted by the nonmetal at- 
oms have been lost (or supplied) from : 

metal atoms, or 

less reactive nonmetal ions. 
So all these reactions involve the transfer of electrons from the atoms o1 
ions of one element to the atoms or ions of another element when one 


455 


species loses electrons another gains them. 
10.2.1 OXIDATION AND REDUCTION 

Oxidation is the loss of electrons by atoms, ions or molecules and 
reduction is the gain of electrons by atoms, ions or molecules. Since 
there cannot be a net loss or gain of electrons in a chemical reaction - 
only a transfer among substances - oxidation and reduction must always 
occur as concurrent reactions in equivalent amounts. Such coupled reac- 
tions are called redox reactions. A large number of redox reactions are 
possible which arise from various combinations of pairs of oxidants and 
reductants. 

Any substance that promotes the loss of electrons because of its 
tendency to gain them is called an oxidizing agent. Any substance that 
readily gives up its electrons is called a reducing agent. Thus, in a 
reaction oxidizing agents get reduced and reducing agents are oxidized. 
Under the circumstances, the oxidation state of any.substance may bc 
used to predict the tendency of a material to act as an oxidising agent or 
a reducing agent. A knowledge of common oxidizing agents and reduc- 
ing agents can help us design reactions in which selected substances can 
be oxidized or reduced. : 

Consider the reaction between zinc metal and copper (II) sulphate 
solution and also between copper metal and silver nitrate solution. The 
zinc strip is immersed in a solution of copper sulphate contained in a 
beaker A (Fig. 10.1) and the copper strip is placed in a solution of silver 
nitrate contained in a beaker В. (Fig. 10.2). We observe some reactions 
in the beakers and allow them to proceed for some time say 5 minutes. 
After 5 minutes we observe some metallic deposit on the two strips. 


INTENSE 
BLUE 
COLOUR 


BLUE COLOUR 


BECOMES LESS 


INTENSE 


d Out во: 9 
Зее 4 
Zn(s) + Cu** (ag) Cu(s) + 212+ (aq) 
Fig. 10.1 Behaviour of zinc towards aqueous solution of copper sulphate 


Whv does this change take place on the metallic surface ? This is an. 
' 456 


SOLUTION 
DEVELOPS A 
BLUE COLOUR 


DEPOSIT OF ү | 
METALLIC ПТ | 
SILVER 


SCLUTION IS ` 
COLOURLESS 


Cu(s) + 2Ag (аа) —e Си?" (ад) + 2А9(5) 
Fig. 10.2 Behaviour of copper towards aqueous solution of AgNO, 


oxidation-reduction reaction. The reaction of zinc metal with copper 
sulphate can be considered in two half-reactions. 


Oxidation : Zn(s) ——>Zn* (aq) + 2e- 
Reduction : Cu(aq) + 26 ———> Cu(s) 
Net reaction : Zn(s) + Cu?* (ад) ——> Cu(s) + Zn* (aq) 


Zinc loses electrons and is therefore oxidized and Cu® ion gains elec- 
trons and js therefore reduced. 
(Oxidation 


Zin(s) + Cu" ——> Zn” (aq) + Cu(s) 
ne p par mda oire 


In this reaction Cu?* ions are displaced from the solution which after 
accepting electrons get deposited on the zinc strip. Similarly the dis- 
placement of silver from silver nitrate in the presence of copper strip can 
be portrayed. 
г =2е-(Охійайоп) 
Cu(s) + 2Agtfaq) —> Си ад) + 2Ag(s) ` 
L— +2е- (Reduction) —— 

This is an oxidation-reduction which can bë considered in two half reac- 
tions. 
Oxidation: Cu(s) —> Cu?*(aq)+ 2e7 

Reduction: Ag+(aq)+e-———> Ag(s) 

Net reaction: Cu(s) + 2Ag* (aq)—>Cu?%{aq)+2Ag(s) 


On the other hand if a copper plate is immersed in a solution of 
Zn(NO,), (or ZnSO,) no reaction takes place (Fig. 10.3). 


Why does copper behave differently towards Ag* and Zn?* ions ? The 
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Cu(s) + Zn?*(aq)—> NO REACTION 


Fig. 10.3 Behaviour of copper towards aqueous 
solution of ZnNO, 


answer to this ues 
with the relative 
tendency of accept- 
ing electrons by 
Ag* and Zn” ions. 
Obviously Ag* ions 
have a greater ten- 
dency to gain elec- 
trons (a greater ten- 
dency towards re- 
duction) than Zn? 
ions. Thus, a fair 
knowledge of rela- 
tive oxidation and 


reduction tendencies is essential in understanding the direction of spon- 


taneous change in redox reactions. 
10.2.2. Electrode Reaction 


There are three possibilities when a metal plate (M) is immersed 


ih a solution containing the M™ ions (Fig. 10.4). 


Fig. 10.4 Electrode equilibrium 


Oxidation 
Ms) ә» Mx (aq) + пе” 
Reduction 
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(i) A metal ion M™ 
May come in the 
contact of the elec- 
trode and experi- 
ence no change. 
(ii) A metal ion 
M™ may come in 
the contact of the 
electrode, accept n 
electrons and be re- 
duced to a metal 
atom M. 
(iii) A metal atom 
on the electrode M 
may oxidize and 
thereby lose n elec- 
trons to the elec- 
trode and enter the 
solution as M**, 
When dyna- 
mic equilibrium is 
attained, a small dif- 
ference in electrical 


potential exists between the metal electrode and the solution. A metal 
with a strong tendency of losing electrons, imparts М”* ions to the solu- 
tion resulting in a fractional increase in the number of metal ions, М”* in 
the solution and a fractional increase in the number of electrons on the 
electrode. Аз а result, the electrode develops a small negative potential 
with respect to the solution. 

It is, however, possible to present the above picture for two differ- 
ent metals, e.g., copper and zinc. Two electrodes are immersed in their 
salt solutions and a contact is maintained indirectly both between elec- 
trodes and solutions (Fig. 10.5). This allows the flow of electric current. 
Electrons migrate (through a connecting wire) from the zinc electrode to 
the copper electrode and Си? ions as illustrated in Fig. 10.5. Zn has a 
stronger tendency to lose electrons than copper. Thus, oxidation occurs 
at the zinc electrode (anode) and reduction occurs at the copper elec- 
trode (cathode). 

Oxidation: Zn(s)—>Zn* (aq) + 2e (i) occurs more readily than 
Cu(s)-*Cu? (aq)+2e™ (ii) 

Reduction: Cu**(aq)+2€—>Cu(s) (iii) occurs more readily than 
Zn(aq)+2e —>Zn(s) (iv) 

Thus, combining (i) and (iii) reactions . 
Zn(s)—>Zn** (aq) + 2e- 
Cu*(aq)+2e+—> Cuts) 

Redox change : Zn(s) + Cu” (aq)—>Zn=(aq)+Cu (5) 

The redox change occurring in such a fashion 1s called an electro- 
chemical change. 

VOLTMETER 
х 


M 


Le]. CuSO, (aq) 
‘Cu?*(aq)+2e-> Cu (s) Е 

an electrochemical change. А difference 
the two metal electrodes. Electrical 
lished through a sak bridge that 


igrati i ions. Electrons migrate 
allows the migration of ions but not that of solutions. 
through the wire connecting the electrodes externally. Thus a complete 


circle is established. 


Zn(s)-»Zn**(aq)«2e^ 
Fig 10.5 An assembly showing 
in potential is established between: 
contact between the solutions is estab 
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10.3 REDOX REACTIONS IN AQUEOUS SOLUTIONS - ELEC- 

TROCHEMICAL CELLS 

Electrochemical cell is based on the physical separation of oxidiz- 
ing and reducing agents in a system that permits the free migration of 
ions between the two and an external flow of electrons. For example, 
when we plan a physical arrangement that promotes the electrons trans- 
fer tendencies between zinc and copper ions indirectly through an exter- 
nal metal wire, an electricity producing phenomenon will result. Such a 
System is called an electrochemical cell. Its direct contact occurs be- 
tween the oxidizing and reducing agents, a Primitive short circuit will 
result. The separation can be achieved by using a salt bridge or porous 
barrier 


Thus, in electrochemical cells, chemical reactions are used to sup- 
ply electrical energy. A metal strip dipping in a solution is known as a 
half-cell or an electrode. The reaction that takes place in a half-cell is 
known as half-cell reaction. When two half-cells are connected inter- 
nally by a salt bridge or a porous diaphragm and externally by a conduc- 
tor, this assembly will constitute an electrochemical or galvanic cell or 
voltaic cell (Fig. 10.6). To understand how a reaction produce electrical 
energy, the oxidation-reduction reaction of the cell (Fig. 10.6) is re- 
Solved into two partial equations. 

FLOW OF CONVENTIONAL (POSITIVE) ELECTRICITY 


POROUS'BARRIER 


(в) Zn- (a) + 26 


At the zinc electrode : Zn(s) ——» Zn?'(aq) + 2e—. Tnis electrode, 
being rich in electrons, is assigned negative polarity. It pushes electrons 
into the external circuit. 

At the copper electrode : Cu**{aq)  2e- ——» Cu(s) 

This electrode is assigned positive polarity. 

Electrons flow between the two electrodes across which a potential 
difference exists. They flow from a couple (M^*/M) of higher potential 
to a couple of lower potential. 

As reactions proceed, the electrolyte around the zinc electrode be- 
comes rich in Zn% ions due to dissolution of zinc electrode (oxidation) 
and the electrolyte around the copper electrode becomes deficient in 
Cu** ions due to the reduction of Cu?* ions Electrical neutrality is main- 
tained by cations moving into the region around the copper cathode and 
by anions moving towards the zinc anode. The overall reaction is : 

Zn(s) + Cu?*(aq) ——»Zn?'(aq) + Cu(s) 

Thus, the energy liberated by the reaction is used to do some electrical 
work rather than being lost as heat. 

Since the ions in the solution of ZnSO, (aq) are free to migrate 
through the porous barrier, oxidation and reduction take place until one 
electrode (Zn strip) accumulates as many electrons at it can, while the 
other electrode (Cu strip) has lost an equal number of electrons.At this 
stage, when the difference in electron pressure is maximum, it is said 
that an EMF (electromotive force) has been developed. For this phe- 
nomenon some other words like voltage, potential and potential differ- 
ence can also be used. 

The increase in the number of electrons on the zinc strip and the 
simultaneous decrease in the number of electrons on the copper strip is 
portrayed through Fig. 10.7. . 

The terms anode and cathode are assigned according to the direc- 
tion of ion flow. The anode attracts anions and the cathode attracts 
cations, 

The Fig. 10.6 shows the movement of negatively charged ions 
(anions) towards the zinc strip and the movement of positively charged. 
ions (Cations) towards the, copper strip which makes the zinc strip the 
anode and the copper strip the cathode respectively. Hence, the terms 
anodic oxidation, and cathodic reduction are used in connection with the 
cell. Figure 10.8 portrays the electrode labelling. 

If these electrodes are weighed before and after the chemical rec- 
tion, it will be found that Zn electrode has lost its mass while Cu elec- ( 
trode has gained its mass. This is due to the fact that Zn electrode which 
acts as anode produces Zn* ions in solution,and thus, reduces in size. At 
the Cu electrode there is a reduction reaction, Cu deposits on the elec- 
trode, and thus, it grows in size when the cell is in operation. 
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Fig. 10.7(A) A view of the zinc strip disappearance as sinc atoms lose 
electrons (oxidation) 
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CORROOED END STRIP POROUS BARAER GE РЕСЕ 


—-Ә© OF REACTION 
Fig. то (В) Тра increase in the mass of copper strip аз copper ions gain 
electrons (reduction) in changeto copper atoms 

Electrons do not appear in tne net cell reaction because electrons 
which are set free at the zinc electrode (anode) travel through the exter- 
nal circuit and are accepted at the copper electrode (cathode). 
10.3.1 Salt Bridge and its Functions 

-The saturated solution of salt (e.g., KCI, KNO, or NH,NO,) 
mixed with gelatin or agar gel is filled in a glass tube (bent according to 
requirement) which connects the two electrolytes like a bridge, hence, 
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id 

Fig 10.8 The labelling of the electrode depends upon the oxidation and 
reduction sites and the ultimate direction of von flow. 

the name salt bridge. This does nox permit bulk flow of solution between 

compartments but allows the migration of ions to establish an electrical 


from the cathode compartment through salt bridge to anode compart- 
ment The positive ions move in the reverse direction. Thus, the salt 
provides cations and anions to replace the ions lost or produced at the 
two electrodes. For example, in the anode compartment, additional Za™ 


ions appear which are balanced by CI- ions by the sak bridge. 
Similarly, in the cathode compartment additional appear duc to 
the reduction of Си” ions. The $О юоз are balanced by K* ions sup- 
plied by the salt bridge. 


follows: 

(i) The electrode and the electrolyte are separated cither by a semicolon 
(;) or a single vertical line (0 

Zn; Zn™ of Zn Zn” 

Similarly for another half-cell, 

Ag, AgCl; CI or Ag + А С! СГ 


be more specific, concentration may азо be shown. bracket, e.g.,Zn 
Zn* (0.1M) or Zn ; ZnSO, (0.fM. 


(ii) The salt bridge connecting the two solutions is represented by a 


EU vertical line ( || ) between them. For example, for a zinc-copper 


in: : Zn | Cu”; Cu ў 

‘The porous diaphragm is also shown by a double verticle line ( ||). 

- (iii) The anoae half-cell is written on the left hand side and the cathode 
half-cell on the right-hand side. 

“ш; Zn” || Cu% ; Cu 
Gv) The strength of solutions, pressure of gases, and physical state of the 
solid or liquid used in cells are shown by appropriate notations within 
brackets, e.g., Pt(s), Н.(01 atm); H* (a = 0.1) || Cu% (a = 0.1); Cu(s) 
10.4 EMF OF A GALVANIC CELL 
10.4.1 Concept of Electrode Potential 

The oxidizing power or reducing power of an electrode can be 79 
termined experimentally by means of a galvanic cell. In such а cell the 
reaction takes place spontaneously because one atom or ion attracts elec- 
trons more strongly than another atom or ion. The phenomenon of a 
metal passing into solution as metal ions and liberating the electrons 
(Zn—> Zn* + 26 ) is called de-electronation and the electrode where it 
occurs is known as the oxidation electrode or anode. The reverse process 
of the gain of electrons by an ion with the discharge of metal (Cu + 2e 
— > Cu) is called electronation. The electrode where it occurs is called 
reduction electrode or cathode. 

Electrons released accumulate on the metal electrode and cations, 
thus, produced exist in the surrounding solution. This results in the for- 
mation of electrical double layer at the electrode (Fig. 10. 9). Thus, a 

AMMETER. VOLTAGE SOURCE 


DOUBLE LAYER OF 
IONS AT ELECTRODE $ 
SURFACE 


Fig. 10.9 Electrical double layer 
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difference in potential exists at the surface of the metal electrode dipped 
in its salt solution. This is called electrode potential. 

A small piece of zinc metal on immersing in its salt solution loses 
some electrons. 

Zn(s) —Zn^ (aq) + 2e- 

Now in the absence of some agency to which these electrons could 
be transferred, they will be attracted by the zinc ions again forming 
atoms. A dynamic equilibrium is established almost immediately. К 

Zn(s)==Zn* (aq) + 2e- J 

It is, therefore, a single electrode cannot constitute a galvanic cell 
(no continuous flow of electrons is possible). The tendency of losing 
electrons, however, still persists and electrons will be transferred as and 
when possible. Thus, a couple in isolation will maintain its reversible 
equilibrium. There is neither an outlet for the electrons if the forward 
oxidation reaction is to be maintained nor a source of supply of elec- 
trons if the backward reduction reaction is to be maintained. 

Now if the Cu? ions are removed from the solution near the elec- 
trode, more copper would get dissolved and vice versa. Further, the 
removal of electrons from the metal strip will make the solution rich in 
Cu? ions. This would be counteracted by Си? ions from the solution 
getting deposited after reduction as copper metal. 

This tendency for a metal to get oxidized or conversion of its ions 
into metal by reduction is measured by the equilibrium constant, K 
Cu (s)—>Cu**(aq) + 2e- 

[Cu*(aq)} [e 

Cu(s) 
or [Cu**(aq)] = К [Cu(s)] = К (since [Cu(s)] = 1 and [e-}? = 1 

This tendency can also be expressed in terms of potential devel- 
oped between the metal and its ions. 

The potential difference at equilibrium depends on : 
1. the metal and its ions : 

2. the concentration of the ions in the solution, and 
3. temperature. 

The potential difference between an electrode and the metal ions 
at 1 molar concentration (or unit activity) and at 298 K is called stan- 
dard electrode potential (E*). The definition of a standard electrode po- 
tential can thus be 

Cu?(aq) (1 mol L7) + 2 e——>Cu(s) 

This is usually expressed as reduction reaction, hence, it is called 
standard reduction potential. By convention, standard electrode potential 
is taken just for a half-cell described by a reduction reaction. 

We have already seen that a half-cell (or single electrode) by itself. 
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Therefore, K = 


cannot cause movement of charges (flow of electricity). However, a 
mutual exchange of electrons and ions can take place if it is combined 
with another half-cell, giving rise to a redox reaction. 

The forward oxidation reaction or backward reduction reaction of 

a half-cell depends on the nature of the second half-cell with which it is 

combined. This is illustrated by considering the reactions of the Fe**/ 

Fe? half-cell (couple), together with (a) the CL/CI~ couple, and (b) the 

Sn**/S?* couple. 

(a) For the Fe**/Fe?* couple in the association of the couple Сс 
forward oxidation takes place and the CL/CI- couple undergoes 
backward reduction reaction. 

Oxidation : Fe ————» Fe* +e 
Reduction : Cl, + 2e-———» 2Cl7 
Redox reaction: 2Fe* + Cl, ——» 2Fe** + 2CI-— 

(b) For the Fe**/Fe* couple in the association of the Sn**/Sn^' couple, 
the backward reduction reaction takes place and the Sn'*/Sn? 
couple undergoes forward oxidation reaction. 


Reduction : Fe* + е ———> Fe” 
Oxidation : Sn” ———__——» Sn” «2e 
Redox reaction : Sn? + 2Fe*— —» Sn“ + 2Fe? 


The tendency to lose electrons by an element or ion (or conductor) 
is called oxidation potential and the tendency to accept electrons by an 
element or ion is called reduction potential. 

Differencés in electrode potential between pairs of electrodes can 
be determined with precision. Unfortunately ће voltage 
produced by a single electrode in a cell cannot be measured directly 
However, if an electrode with some arbitrary value is chosen as refer- 
ence electrode (standard) then precise relative potentials can be deter- 
mined for other electrodes by comparison with this reference. 

10.4.7 Types of Single Electrodes 

We cannot measure single electrode potential directly. However, it 
can be measured indirectly by coupling the electrode with a reference 
electrode. There are two types of reference electrodes : 

1. Primary reference electrode 

2. Secondary reference electrode 

Hydrogen Electrode : Traditionally, the primary reference elec- 
trode with which all oxidation or reduction electrodes are compared is 
the standard hydrogen electrode (SHE) pictured in Fig. 10.10. It consists 
of piatinum electrode coated with platinum black, immersed in a 1.0M 
H,O* solution saturated with Н, gas at 1 atm at 298 К. Platinum black 
catalyses the electrode reaction 2H* (aq) + 2e- —> Н (р). Pure hydro- 
gen (1 atm) is constantly bubbled around a platinum black electrode im- 
mersed in an acid solution of unit activity (1.0M НСІ) It has been 
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PLATINUM WIRE 


Да M = [HO] 


Fig. 10.10 Hydrogen electrode 
arbitrarily assigned a potential of 0.00 V. 
Thus, the standard hydrogen electrode often abbreviated as SHE, is 
Pt(s), H,(g, 1 atm) | H*(a=1 or 1.0M) as an anode , or 
H*(a=lor1M) | Нв, 1 atm), Pt(s) as a cathode 
The only practical difficulty in setting this electrode is the mainte- 
nance of 1 atm gas pressure. Several secondary electrodes, whose poten- 
tials are known on the hydrogen scale, are used in place of hydrogen 


electrode. 
Calomel Electrode : It is a secondary reference electrode (Fig. 10.11) 


PLATINUM WIRE 


MERCURY 


Fig. 10.11 Calomel electrode 
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This consists of mercury, solid mercurous chloride and a solution of po- 
tassium chloride (0.IM or IM or saturated solution of KCI). The elec- 
trode is represented as : Hgl, Hg,CL(s) ; KCI (0.1 Mor 1.0M or solid) as 
an anode ог KCI(0.1 Mor 1.0 Mor solid)/Hg CL(s), Hg(l) as a cathode.. 

Mercury of a high degree of purity is used. Calomel electrode con- 
sists of a glass tube; mercury is placed at the bottom of it. Mercury is 
covered with a paste of mercurous chloride. A solution of KCl is filled 
in the tube above the paste. A platinum wire is fused in a glass tube to 
make electrical contact. 

The half-cell reaction is : 

Hg,CL(s) + 2e- —> 2Hg(l)*2CI- (aq) 

The potentials of the calomel electrode determined using standard 
hydrogen electrode for different concentrations of potassium chloride at 
298K are given below ; 

For 0.1 M KCI solution E? = — 0.3338 volt 

For IM KCI solution E? = -0.2800 volt 

For saturated KCI solution E? = — 0.2415 volt 
10.43 Experimental Measurement of Electrode Potential 

The electrode potential of an electrode can be measured by com- 
paring it to that of standard hydrogen electrode which has been given 
the potential of zero volt. For example, the standard electrode potential 
of zinc may be determined with the cell shown in Fig. 10.12. The cell 


notation is, 
Zn | 21° (1M) | H* (1M) | H, (в, atm), Ру) 
The electrode reactions are represented below : 
Zn electrode : Zn(s)———»5 Zn**(aq) + 2e- (Oxidation) 
Hydrogen electrode : 2H*(aq) + 2e — —5H, (g) (Reduction) 


1M - [296] 


Zn! 221+. 2 e- ?H*«2e =— Н, 


Fig. 10.12 : A Zn'*IZn couple in combination with SHE. Zn?*IZn acts as 
anodeand SHE acts as cathode. The Ern» Zn 2s 


b y TEA -n 


Oxidation takes place at the Zn electrode, and hence, cell potential is 
taken as electrode potential with negative sign. Thus, Еа 15 —ve. 
However, if Cu electrode is connected with standard hydrogen electrode 
(Fig. 10.13) reduction takes place at the Cu electrode. 2 
The cell notation is, Pt(s) H,(g,1 atm) H* (IM) || Си” (IM) lCu(s) 

The electrode reactions are represented below : 
Hydrogen electrode : H,(g}———>2H + 2e- (Oxidation) 
Copper electrode : Cu**(aq)  2e- ——>Cu(s) (Reduction) 
The cell potential is taken as electrode potential of Cu electrode with 
positive sign. Thus, E..2 + c, is +ve. 

The electrode potenttal can also be measured by combining it with 
calomel electrode and using the equation 


cell reduction oxidation 
Е а=, -Е 
ЕЕ Ea 


(| 


H ge 2H*«2e— Cuts 2е- 2-9 Cu 


Fig. 10.13 : A Cw/Cu couple in combination with SHE. Cu®*/Cu acts as 
cathode and SHE acts as anode. 
Е „> or is +ve, 

10.4.4 Measurement of EMF of a Cell using Potentiometer 

When two electrodes in a galvanic cell are at different potentials, there is 
flow of electricity. This difference in potentials of two electrodes of a cell is 
called electromotive force (EMF). 

The EMF of a cell can be measured with the help of a potentiometer 
It consists of a wire AB of uniform diameter (Fig. 10.14). The storage 
battery C is connected to the two ends of a wire AB. The constant EMF 
of the storage battery must be larger than that of a cell under 
measurement. The cell whose EMF is to be measured is connected 
to A having the +ve pole in the same direction as the storage battery ^ 
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The other terminal of the cell is connected to a sliding contact O 
through a galvanometer, G. The sliding contact O is moved along the 
wire AB until no current flows through the galvanometer. This is called 
the null point. At this point the EMF of the cell is balanced by the 
potential difference between the points A and O. 

or£,, < АО... (1) 


Fig.10.14: Measuring the EMF of a cell with the help of a potentiometer 


E, C AQ... (2) 
Thus, from (1) and (2) 

Ea. АО 

E, AO 


Knowing E, one can calculate E «4: SOME standard half-cell electrode 
potentials for the reduction process in acid solution are given in Table 
10.1. 

The redox potential of metals with variable oxidation states can be 
measured if the redox potential for one ion in equilibrium with another 
of different charge can be determined. For example, iron exists in two 
states, i.e., Fe** and Fe”, The redox potential of the couple Fe?*/Fe?* is 


estimated by measuring the EMF of the cell given with SHE (Pt wire 
being the inert electrode). 


РЦ), НЩ | H,O* (aq) || Fe*(aq), Бе” (aq) | Pi) 

Similar to metals, the EMF for nonmetals (produce negative ions 
in aqueous solution) can be determined. For example, the E$ of chlorine 
can be determined by employing an electrode which contains chlorine’ 
gas (1 atm) in equilibrium with chloride solution, (1M), 

1/ CL, (g) + e- —> CI- (aq) 


The Е° values for a number of non-metals, have been listed in Table 
10.1. 
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TABLE 10.1 Some standard electrode (or reduction) potential at 298K in acid solution 
(electrochemical series) 


Couple Half-reaction E" 
(Electrode) (Volts) 
Li*/Li Lit + e- —Li —3.05 
M*/M (M-K,Rb or Cs) M* +e —M —2.93 
Ba?*/Ba Ba?* + 2e- —>Ba —2.90 
S™/Sr Sr* + 2e- —Sr —2.89 
Ca**/Ca Са? + 2e- —>Ca —2.76 
Na*/Na Na* + ет —» Na —2.71 
Mg^'/Mg Mg? + 2e- — Mg —2.38 
AP*/AI Ар" + 3e- — Al —1.67 
Zn'[Zn 7л? + 2e- —> Zn —0.76 
Cr*/Cr Cr+ + 3e- — Cr —0.74 
CO,H,C,O, 2CO, + 2H* + 2e- —> H,C,0, —0.49 
Fe?*fFe Fe** «2e- — Fe —0.44 
C/C Cr+ e- —> Сре —0.41 
сауса Сф» + 2e- —» Cd —0.40 
SO*/Pb, РЬЅО, PbSO, + 2e- — Pb + SO, —0.31 
Qo?*/Co Со?” + 2e- —» Со —0.28 
Ni*/Ni Ni™ + 2e- — Ni —0.25 
Sn*/Sn Sn™ + 2e- — Sn —0.14 
Pb**/Pb Pb” + 2e- —> Pb —0.13 
H*/'/,H,, Pt Ht +e~—>'/,H, —0.00 
(by definition) 
Sn**/S* Sn“ + 2e- —> Sn* 0.15 
Cu**/Cu* Си? + e- —> Cut 0.15 
Cu**/Cu Си» + 2e- — Cu 0.34 
Cu*/Cu Cut + e- — Cu 0.52 
ЦАЙ l4L +e——> F- 0.54 
Fe**/Fe** Fe* + e- —> Fe™ 0.77 
Hg? /Hg Нах + е —>Hg 0.80 
Ag*/Ag Ag'*e-—» Ag 0.80 
Hg?*/Hg Hg” + 2e- — Hg 0.85 
'/,Br,/Br- Br, + е —> Br 1.09 
,Cr,027Cr* 1 Cn07 * ne + 3e- —> Cr” + "HO 1.33 
[Де е, МС, + — Cft 1.36 
О, О, + 2H* + 2e- —> О, + H,O 2.07 
YFF? VF, +e —> 2.87 
МЕНЕ VE, + H* + e- — HF 3.06 


10.4.5 Electrochemical Series 

Half-cell potential or electrode potential predicts the relative ease 
with which the various species of metals and ions constituting the half- 
cells may be oxidized or reduced. The Table 10.1 has been arranged 
with the strongest oxidizing agent F, at the bottom and the weakest 
oxidizing agent, Li at the top. The strength of an oxidizing agent de- 
pends on the ease with which the compound will accept electrons. Thus, 
fluorine has the strongest tendency to accept electrons. Lithium has the 
least tendency to accept electrons. High negative reduction potential for 
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the lithium electrode supports its least tendency of accepting electrons, 
i.e., Li* ions do not get reduced easily. It also predicts that Li* is easily 
oxidized than H* ion. Thus, lithium metal displaces H, from a solution 
having H* ions. Hence, all metals lying above hydrogen in the electro- 
chemical series displce H, gas from a dilute acidic solution. Metals pass 
into solution as their ions. For example. 

Mg (s) — —» Mg*(aq) + 2e 

29° (ад) + 2е- ——5 Н. (в) 


Mg(s) + 2H*(aq) ——> Mg” (aq) + H.(g) 

In Table 10.1, the most active metal has been put at the top. 
Metals with highest -ve electrode reduction potential can displace other 
metals from their salts. In other words, any metal will reduce the ions of 
any metal lying below it and, conversely, its own ions are reduced by 
any metal lying above it. For example, 

Zn(s) + Си?" (aq) — 9 Zn^'(aq) + Cu(s) 

Cu(s) + 2Ag*(aq) ——> Cu**(aq) + 2Ag(s) 

Lithium metal can displace all other metals from their salt solutions. 

Half-cell potentials can be combined to determine the potentials for 

various galvanic cells. 

10.4.6 Applications of Electrochemical Series 

l. Е° values from Table 10.1 Predicts relative strengths of oxidizing 

and reducing agents. We can also predict whether a given metal would 

liberate hydrogen or not form an acid. This is discussed in detail above. 

2. Calculation of standard EMF of a Galvanic Cell ( E2,, ) : The | 

standard EMF of a cell (Е) is equal to | 
| 
| 
| 
| 


Pa = "ris Шы 
where Е°, is the standard reduction potential of the electrode. on the 


right and E. is the standard reduction potential of the electrode on the 


left. 
3. Spontaneity of redox reactions: If E 


of a cell, as calculated 
above, is +ve and the half-cell reaction taking 


place at the left electrode 


Exercise 10.1 — What is the cell reaction and wh 
of the cell, Pb ; Pb» (a=1) | Ag* (а = 1); Ag. 
Solution : The cell reaction is, 
Oxidation : Pb(s) — >P + 2e- E9313 у 
Reduction : Ag* + е— — Ag E*-0.80V 
Cell reaction : Pb(s) + 2Ag'— —À92Ag + рь” 
m the expression 


= Ee ~ Е° 
сеп 
= 080-6010 
Ea 7. 080+ 0.13 2093 y 
-an 


The value indicates that lead will be the anode and the silver will be the 
cathode. The reaction is spontaneous. 
Exercise 10.2 : (a) Calculate the standard cell potential for the cell 
Zn;Zn?* (1М) |] Cd?* (1M) ; Cd, (b) Write the cell reaction for this cell. 
(c) Is the cell reaction spontaneous or not ? 
Solution : (a) From the table of standard electrode potentials, the reduc- 
tion potential for the couple Zn?'/Zn is, E? = -0.40 V. Putting these 
values in the expression, 
Ets TE Vt E eds 
=-0.40 — (— 0.76) 
= — 0.40 + 0.76 = 0.36 V 
(b) The cell reaction for the cell is Zn«Cd?'— —» Zn* + Cd 
(c) Since the emf of the cell is positive, the reactiun written is sponta- 
neous. Zinc loses electrons and cadium ions gain them. 
Exercise 10.3 : Will Ag reduce copper ion at 298K according to the 
reaction ? 
2Ag + Си?* (IM) ——> 2Ag+ (IM) + Cu 
Solution : The cell for the above reaction is, 
Ag; Ag’ (1M) [| Cu (IM) ; Cu 
For the couple, Ag*/Ag the reduction potential, E° = + 0.80 V 
For the couple Cu?*/Cu the reduction potential, E? = + 0.34 V 
Putting the values in the expression, 
E cathode 7 E anode 
0.34 - (+0.80) 
0.34 - 0.802046 V 
The negative value of Е, indicates that the reaction will not go 
spontaneously, i.e., silver will not reduce Cu” ion. However, if the reac- 
tion is written in the opposite direction, i.e., 
_ Cu * 2Ag' — —»5 Cu” + Ag 
and the electrode on which the oxidation reaction Cu —> Си + 2e- 
occurs is placed on the left, the cell is written as, 
Cu; Cu (IM) || Ag* (IM); Ag 
10.5 OTHER VOLTAIC CELLS (COMMERCIAL CELLS) 
(i) Daniel Cell (Fig. 10.15) : It consists of a copper vessel which has 
been divided into two parts by a circular porous pot. Anode made of 
zinc is immersed in ZnSO, solution contained in a porous pot. The pot is 
surrounded by copper sulphate solution. Copper vessel works as cathode. 
The following reactions occur at the electrodes : 
Atanode: Zn(s) ——> Zn” (aq) + 2e- 
At cathode : Cu? + 2e=——> Cu(s) 
The overal reaction is : Zn(s) + Cu**(aq) — Zn? (aq) + Cu(s) 
The emf of the Daniel cell in the beginning is 1.1 volt and this decreases 
gradually. The emf of the cell depends upon the intensity of the chemi- 
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u VESSEL (CATHODE) 
CuSO, CRYSTALS 
Fig. 10.15 : Daniel cell 


cal reaction taking place inside the cell. Intensity of the chemical reac- 
tion decreases gradually and hence, emf of the cell decreases gradually. 
The porous partition allows the migration of ions when the cell is in use. 
It decreases the diffusion of ions to a large extent when the cell is not in 
use. This is a practical but less efficient way of preventing mixing of the 
two electrolytes. 

(ii) Dry Cell (Leclanche cell) (Fig..10.16): The vessel made of zinc 

LIGHT VL, 


ZINC CONTAINER | „ ЕЕ =Е@ = ) COND!ICTING CAP 
(ANODE) 


4 (NEGATIVE CONTACT) 

Fig. 10.16 : Dry cell 
metal serves as an anode, the graphite rod with a brass cap passin 
through the cell is the cathode. The space PP LP epics is 
filled with a moist paste of manganese dioxide, carbon black, zinc chlo- 
ride and ammonium chloride. Its voltage is 1.25 V to 1.5V. Thé follow- 
ing reactions take place at electrodes when the cell is in use : 
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At anode : Zn(s) ——» Zn* + 2—7. The cathode reacuon is very 
complex. It seems that MnO, is reduced; a plausible reduction reaction 
is: 


At cathode : 2MnO,(s) + H,O + 2e~ —> Mn,O,(s) + 20H (а) 

An acid-base reaction occurs between ОНГ. and NH; ions : 

NH,’ (aq) + ОН{ад) ——> NH,(g) + H,O 

At times, when а large current is drawn, ammonia produced by the 
reaction forms an insulating gaseous layer around cathode (carbon) and 
distrupts the electric current. In the normal course this does not happen 
as Zn?* ions migrate to the cathode and react with ammonia molecules 
to form complex ions, such as [Zn(NH,),}"*. A so called ‘dead’ dry cell 
can sometimes be put to use again by careful heating which increases 
the rate of diffusion of Zn™ ions across the cell. During use the zinc 
sible for leakages. Leak proof dry cells have been provided with an extra 
casing surrounding the zinc vessel. 

A cell (EMF = 1.35V), developed for hearing aids and other small 
electrical devices, consists of a moist paste of HgO and KOH between 
the two electrodes. A lining of porous paper is interposed between zinc 
anode and the moist paste. The following reactions take place at the wo 
*lectrodes. 

At zinc anode : Zn + 20H- ——» Zn(OH), + 2e 

At carbon cathode: HgO + H,O + 2e — Hg + 20H 
The overall reaction : Zn + HgO + H,O ——» Zn(OH), + Hg 
(iii) Lead Storage Battery : The 6 or 12 volt storage battery commonly 
employed in automobiles consists of 3 or 6 voltaic cells (Fig. 10.17) in 


(f| 


| 
ЕЯ 
H 


H,SO, (aq) "LEADGRIDFILLED LEAD GRID FILLED 
WITH Pb O, WITH SPONGY LEAD 
(CATHODE) (ANODE) 


Fig. 10.17 : Lead storage battery 
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series. The multiple lead cathode of a fully charged cell is a group of 
plates filled with lead dioxide. The anode also consists of à group of 
lead plates, the grids of which are packed with spongy grey lead. These 
two series of plates are arranged alternately and are immersed in a water 
solution of sulphuric acid. The electrode reactions are : 

At anode : Pb(s) + SO?~ (aq) ——» PbSO (s) + 2е— 

At cathode : PbO,(s) + 4H* (aq) + SO- + 2e- —5» PbSO,(s) + 2H,O 

As current is drawn from the cell, the net reaction is: 

Net reaction : Pb(s) + РЬО (5) + 4H* (aq) + 2SO,7—>PbS0,(s) + 2H0 

Thus solid PbSO, is produced at both electrodes, as the cell discharges. 

Simultaneously H* and SO; (ог HSO,) are removed from the solution 
Solid PbSO, produced during reactions slowly deposit on the plates, 
partially covering and replacing the lead and lead dioxide. Concentration 
of H,SO, decreases as the cell discharges. Low density of the electrolyte 
shows low concentration. The electrode reactions can be reversed by 
passing an electric current through it, and thus, the battery can be re- 
charged. This causes all the reactions to reverse as the cell be- 


comes an electrolytic cell, converting PbSO, to Pb and to PbO, at the 
respective electrodes. 


10.6 DEPENDENCE OF EMF ON CONCENTRATION AND 
TEMPERATURE 
10.6.1 The Electrode Potential 
We have stated earlier that the value of the measured electrode 
potential depends on the concentration of all substances involved in the 
reaction. 
The increase in ion concentration will tend to shift the equilib- 


y decreasing the tendency for metal 
metal ion concentration will increase 


The equation that relates the m 
the concentrations of the reactants 
Nernst’s Equation. The potential Е of 


easured electrode potential, E to 
and the temperature is called the 
a cell is given by the expression, 


nF [Reactant ] 

In this equation Q is the reaction quotient i.e, an expression 
that has the same from as the expression for the equilibrium concentra- 
tions. In this equation, Е is the electrode potential, E? is the standard 
electrode potential: F is the farady (96500 coulombs); R is a gas con- 
Stant (8.314JK™ mor): T is Kelvin temperature; л is the number of 


electrons involved in the change in Oxidation state, (or n is the number 
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of moles of electrons transferred in the reaction); In “represents natural 
logarithm (logarithm to the base e not to the base 10). The relation- 
ship between log x and In x is In x = 2.303 log x. 

Substituting the values of the constants, at 298K, 


RT 8.314JK (298k) 2 1 
Е 96500C Mol? = 0.0257JC~'=0.0257V 
Thus at 298K theNernst equation becomes, 


Е=Е° — at logQ 


On converting natural logarithm to common logarithm, 
E= g — 00592 uo 


Using this equation, we can calculate the potential of a cell if we 
know the concentration of the reactants and the standard cell potential, E? 
For reduction electrode potentials, the half-cell is written in terms of reduction 
reaction. A general reduction process is, 

M™ + пе ——» M 
The Nernst equation for the reduction process is written as, 

0.0592 [M] 
E=E — = log MFT 

Concentrations are measured in moles per litre. For accurate re- 
sults ionic activities are used instead of ionic concentrations. The con- 
centrations of pure solids or liquids are set at unity. For a gas, the con- 
centration is equal to the pressure of the gas in atmosphere. For ex- 


ample, 
(a) For the reaction, Fe** + e- ——» Fe* 4 
0.0592 [Fe] 
Е т Bape come ЮВ ^ ^D 
(b) For the reaction, Zn* + 2e- ————— Zn 
1 
E “Бы — p18 ep 


(c) For the reaction CL «2e —2Cl 
a 0:0592 log СІМ? 
Е Ваа ^ сы 
Exercise 10.4 : Calculate the half-cell potential at 298K for the reduc- 
tion from H* at 1.0 x 107M to Н, at 1.0 atm. 
Solution : 2H* (1M) + 2e- —> Н, (1 atm); E? = 0.00 V 
According to Nernst's equation, 


g 0.0592, „ ЇН‚(р)] _ 9 oo _.0.0592 21.0" 
Bae n wee 2. 5. пою 
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= 0.00 — 0.0592 (+14) 
2 
Ee -0.41 V 
Therefore, 2H* (1.0 x 107M) + 2e ———» Н, (1.0 atm); E =0.41 V 
Exercise 10.5 : Calculate the half-cell potential at 298K for the reaction 
Zn** (aq) + 2e- — — —— Zn(s) ; if Zn?* is 5.0 M and Е°= -0.76V. 
Solution : According to Nernst's equation 


pop. 90592 tog (Za 


2 [Zn] 
0.0592 1 
= - 0.76 — == | sted 
5.0 Ee 5.0 


= --0.76 - 0.0296 0.70) 
= —0.76 + 0.02 =-0.74 V 
10.6.2 The Cell Potential 
Let us consider the Daniel cell, 
Zn(s)| Zn?*(aq) | Cu% (aq) | Cu(s) 
The electrode potentials of the two half-cells are, 


p In [Си (ag)] 


is RT 
E. = Eat E In [Zr?* (aq)] 


(In the Daniel cell the oxidation state of both Zn and Cu is 2) Now the 
EMF of the cell is equal to the EMF of the right hand electrode minus 
the EMF of the left-hand electrode, i.e., 

E 


Е ox = E” igs + 


a SIE EN 


о ЕТ + 
Е Et 2Ё In [Cu (aq)] —[E*, 4 In [Zn* (aq)] 


3 (Е ам E^) * _RT In [Cu (aq)] 
D 22. [Zn^(aq)] 
Now on substituting the value of standard. electrode potentials for 


the two couples, other constants and converting neutral logarithm to the 
base 10 at 298K. 


2.303RT Cu? 
E,,2034 — (—0Л6)+ Se log Dae a or 
5114903927, [Сон (89)] 
2 [Zn^*(aq)] 

This equation can be used to calculate the EMF of the cell pro- 
vided we know the concentration of the two metal ions employed in the 
cell, e.g., if the concentration of copper sulphate solution is 0.01M and 
that of ZnSO, is 0.1M at a temperature 298K, 

EINE 0.0592, log (0.01) 
2 [0.1] 


478 


1.1 + 0.0296 log $ 
1.1—0.0296 = 1 07 У 

Now letu us consider another cell which involves the metals ions at 
different oxidation states, e.g., Ni (s) | Ni”(aq)|| Ag*(aq) | Ag(s) 

The reaction for the cell is, 

Ni(s) + 2 Ag*(aq) ——> Ni” (aq) + 2Ag(s) 

The electrode potential of silver and nickle half-cells are as given 
below : 


E hee ee ye ate + RT/F In [Ag'(aq)] (since л = 1) 
or E, =E Ге + RT/2F In [Ag'(ag)]? 
and Eyi А ie + RT/2F in [Ni?*(aa)] (since л = 2) 


While a IR аа the ЕМЕ of such а cell and writing the electrode 
potential for the couple Ag*(aq)/Ag(s) one has to be careful in substitut- 
ing the value of concentration and valence (number of electrons in- 
volved in the change in oxidation state). Here, one Ni atom releases two 
electrons in the course of reaction, and hence, reduction reaction of 
silver ion, 1.е., Ag*(aq) + e- ——> Ар(5) has to be multiplied by nu- 
meral 2 to balance the equation. But the value of E, remains unaltered. 

Now the EMF of the cell will be, 


Е=Е° Е са Е! А 
By making substitutions, according to Daniel cell we get, 
Е=Е, — Eus ЁТ [А GDF 

2F — [Ni (ag] 


By substituting the E? for the two electrodes and converting natu- 


ral logarithm to common logarithms we get, 


g RT log (Ag (89 
Е=0.80-60.25)+2.303 p log [NÉ (ag) 


AT [Ag*(aq)]? 
z1.05 42.303 - Е 198 [Ni aq] 

Thus, the expression giz EMF for a cell can be arrived at depend- 
ing upon the reactions taking place in the two half cells and the concen- 
trations of the reactants employed in the cell. 

Exercise 10.6 : Calculate the EMF of the galvanic cell 
Zn(s)| Zn**(aq)(M,)||(Ag*(M,)/Ag(s) at 298 К 
When 1 M, = 1.00 M and M, = 1.00 M 
2 M, =0.100 M and M, = 0.01 M 
3 M, =0.012 M and M, = 0.200M 
Solution : 1. When the concentration of both the metal ions is the stan- 
dard one, i.e., 1M, then the cell potential is equal to the standard cell 
potential. The net reaction for the cell is, 

Zn(s) + 2Ag*(aq) ——> 2Ag(s) + Zn?* (aq) and therefore, the О, 

the reaction quotient is, [Zn**]/[Ag*]* 
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Now the Nernst equation is, 


0.0592 
E,=E, — x8 0 
.0592 рр 1. 
EE, — 005920 1 
Е. Ea Бана 
= 0.80 V=€0.763V) 
=1.56 V 
2. When Zn = 0.100М and [Ag* ] = 0.01 M 
0.1 1.00 x 107 8 E 
Q- 10.01? = 10x10 = 1.0x 10?=logQ =3.00 


For this reaction n = 2 because the two half reactions that combine 
to give the net cell reaction are, 

Reduction: 2Ag*(aq) + 2e- ——> 2Ag(s) 

Oxidation: Zn(s) ————_> Zn? + 2e— 

The cell potential from the Nernst equation will be : 


0.0592 

E aE, cell aay en logQ 
-156— 90992 log (1.0.x 10) | 
= 1.56—0.089 = 1.471V ! 
This may be noted that when О = [Zn**/[Ag*}? is greater than 1, | 
the cell potential is less than the Standard cell potential. | 
3. When [Zn?] = 1.2 x 10-2 Mand | 
[Ав = 2.00 х 10-! M | 


[212°] 2:51:2X:1074 N T 1 

Тар 4.00 x 10-2 = 0.30 = 3.0 x 10- 
Therefore log Q = —] log 10+ log 3 2«140.48 =-0,52 

Now the cell potential, from the Nernst equation will be : 


0.059 
Бы=15в6— 009. о 


= 1.56 + 0.015 = 1.575 у 


This may again be noted that when [Zn^'/[Ag*T? is less than 1, the 


cell potential is greater than the standard cell potential. 
10.6.3 Electrical Units 


. It will not be out of place to introduce the students to the electrical 
units as some units have already been used. 


: It is the quantity of electricity which deposits 
0.0001118 of silver on a silver cathode from a Silver salt solution. 
1 coulomb = 3x 10? esu 


1 faraday = 96500 coulombs 


quantity of electrical current is one ampere. Thus, 

1 coulomb = 1 ampere x 1 second 
Volt (V) : It measures the difference in potential energy of electrons at' 
two points. Potential difference is measured in units of work. Thus, a 
volt is a joule per coulomb, or it is the difference in potential energy of 
1 joule for 6.02 x 10? electrons 

1 joule = 1 coulomb x 1 volt 
Ohm (4) : It measures the resistance to the flow of electric current 
through a conductor. 

1 volt = 1 ohm x 1 ampere 
Watt (W) : It is a measure of power. One watt is equivalent to one joule 
per second ( W = Js). 


seconds seconds 
- amperes X volts 
and joules = watts X seconds 
10.6.4 Electrical Work and Free Energy Change 
Electrical work is performed when a reaction takes place in a 
alvanic cell. The amount of work is given by the expression, 
— АС=+лЕЕ 
Where n is the number of moles of electrons transferred between 
the electrodes, F is the faraday constant which gives the charge associ- 
ated with 1 mole of electrons; therefore, it will be equal to the product 
of charge on an electron (1.602 x 10—° coulomb) and Avogadro's num- 
ber (6.023 x 10? electrons per mole of electrons). That is, (1.602 x 10? C 
electron) x (6.023 x 10 electrons per mole of electrons) = 96500 coulomns 
per mole k electrons or 96500 C/mol е^. If the reactants and products are in 
their standard states. then 


—AG°=nF E „ : 
Now the Nernst equation in terms of free energy takes the form, i.e., 
2.303 RT 
= Бош ае 
E=E oF og Q 


Substituting for E and £° from the free energy expressions, we get, 
AG .A.G^. 2.303RT log.Q 
nF 


nF — nF 
oralso -A С .4 G^ +2.303RT log O 
nF ПЕ ane 


A G# A G° + 2.303 RT log Q 
Equilibrium constant : A galvanic cell can produce electricity only 
when the cell reaction is not at equilibrium, that is, when reaction quo- 
tient, Q K 
When the System is at equilibrium. two conditions must hold, i.e., 
Q-K апаЕ „=0 
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IAW ню INCASE equauon tor a system at equilibrium at 2956 will be, 


0 SEa 23088 yk 
or E° „= -2303 RT а 


log Ka? Е° n nF/2.303 RT 

This equation is useful to calculate the equilibrium constant for 
any oxidation reduction reaction in aqueous solution from the standard 
cell potential. 

10.7 ELECTROLYSIS 

Electric current brings about oxidation and reduction reactions and 
the process which takes place within the cell is known as electrolysis. It 
means electricity has been utilized to perform some chemical work, i.e., 
some chemical change. Humphry Davy, an English scientist, isolated so- 
dium, potassium, magnesium and calcium by passing an electric current 
through molten hydroxides of these metals. The cell in which such elec- 
trolysis are performed is known as electrolytic cell. 

Thus, there are two kinds of electrochemical equipment. In the 
first (Fig. 10.18) an external voltage is used to derive a current through a 
solution of electrolyte. Through the cathode (negative electrode) elec- 
trons enter the solution and a reduction reaction. takes place. At the 
anode (positive electrode) an oxidation reaction takes place and elec- 
trons leave the solution. The sum of the anode and cathode reactions is a 
decomposition process for the electrolyte in solution. The driving force 
for this decomposition reaction is supplied by the external voltage 
source. 

In the second type of experiment, which we have already dis- 
cussed in the earlier sections, chemical reactions at the electrodes force 
electrons to flow through external Circuit, oxidation taking place at the 
anode and reduction taking place at the cathode. 

In the electrolysis of CuCL(ag) copper deposits at the cathode 
because the Си? ions attract electrons and are reduced. 

At the cathode : Cu% (ад) + 2e- > Cu(s) .....Reduction 
Simultaneously, the chloride ions move towards anode where two chlo- 
ride ions lose two electrons, and thereby, oxidized forming a molecule 


of CL(g) 
At the anode: 2CI- —> CL,(g) + 2е— ....(Oxidation) 

The net equation of an oxidation-reductiop process occurring in an 
electrolytic cell is obtained by adding the reactions : 

Cathodic reaction : Cu**(aq) + 2e- —> Cu(s) 

Anodic reaction: 2C} —> CL (р) + 2е— 

The net equation : Cu*(aq) + 2CI- —>CL(g) + Cu(s) 
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VOLTAGE SOURCE 


AMMETER VOLTAGE SOURCE 


(b) 


DISCHARGED S ANION 

CATION PLATED SY DISCHARGED AS 

ON CATHODE GAS (OR ANODE 
DISSOLVED) 


Fig. 10.18 : Electrolytic cell : (a) An external voltage source drives 
electrons through the solution producing oxidation at the anode and re- 
duction at the cathode. (b) electrolysis of the electrolyte solution. 


In the electrolysis of molten sodium chloride, sodium metal and 
chlorine gas are produced. 

At the cathode 2Na* (1) + 2e ——»9 2Na(s) ^ (Reduction) 

At the anode: 2Cr (I) —» СІ, (g) + 2e Oxidation ) 

Net equation: 2№а* (1) + 2CF (1) ——92Na(s) + CL(g) 
10.7.1 Electrolysis of Acidified Water 

Pure water is a poor conductor of electricity. When electric current 
is passed through pure water no decomposition takes place. This can be 
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confirmed by inserting a bulb in the circuit of the electrolytic cell. Con- 
duction through water will be signalled by the glowing bulb in the cir- 
cuit path. 

Now set up an apparatus as shown in Fig. 10.19 and take the water 


2 VOLUMES — 


1 VOLUME 
OF HYDROGEN 


OF OXYGEN 


DILUTE 
SULPHURIC ACID 


ELECTRODES OF 
[77 PLATINUM FOIL 


) ELECTRON FLOW 
Fig. 10.19 : An assembly for electrolydising acidified water 


acidified with dilute H,SO, in the cell. Now on passing the current, two 
volumes of hydrogen are formed for every one volume of oxygen. The 
positively charged hydrogen ions are attracted by the negatively charged 
cathode, and start moving in that direction. The negatively charged hy- 


droxide ions are attracted by the positively charged anode, and start 
moving towards it. 


At the cathode: 2H*(aq) + 2e > H,(g) 
At the anode: 4ОН (aq) — — — — — 5 2H,0 + O,(g) + 4e7 
| Four electrons are required to produce one molecule of oxygen by 
discharge of four OH- ions. This same quantity of electricity is involved 
in the production of two moles of hydrogen by the discharge of four H* 
ions. Therefore, two molecules of hydrogen are produced for every 
molecule of oxygen and this is in agreement with the Avogadro's law, 
Łe., two volumes of hydrogen are produced for every volume of oxygen. 
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Along with OH- ions, sulphate ions also move towards the anode 
thereby decreasing the concentration of H,SO, in the neighbourhood of 
the cathode. Sulphate ions accumulate at the anode. The discharge of 
OH- ion at the anode causes more water to ionize resulting in an in- 
crease of H* ion concentration. It means that there is an increase of 
H,SO, concentration in the neighbourhood of the anode. Thus, the total 
amount of sulphuric acid in the solution remains constant, and the 
hydrogen and oxygen being produced come from water only. 

The extent of a chemical reaction will depend upon the amount of 
electric charge transported through the cell. The answer to this lies with 
the laws of electrolysis advanced by Michael Faraday. 

10.7.2 Laws of Electrolysis 

In 1834 Michael Faraday, deduced the following two laws : 

First Law : The amount of any substance that is deposited or liberaied 
at any electrode is directly proportional to the quantity of electricity 
passed through the electrolyte. Mathematically, 

Wee Q .... (10.1) 
where W is the mass in g of a substance deposited and Q is the quantity 
of electricity in coulombs. 

If ‘I’ ampere of current is flowing through the electrolyte in time, Г 
seconds then, 

бО={х t,..... (10.2) W АРХ ШЫ (10.3) 

=Z X 1х1 ....(10.4) 
where Z is a constant of proportionality and is called the electrochemi- 
cal equivalent. 

when J = 1ft= 1 second, W =Z 
From this it follows that electrochemical equivalent is the amount of a 
substance in g deposited by 1 ampere current passing for 1 second. 
Second Law : When the same quantity of electricity is passed through 
different electrolytes, the amounts of different substances deposited at 
the electrodes are in the ratio of their chemical equivalents. 

If the same quantity of electricity is passed through three voltame- 
ters containing solutions of dil.H,SO,, CuSO, 5H,O and AgNO, as 
shown in Fig. 10.20 then the masses of hydrogen, copper and silver 
deposited on respective cathodes will be in the ratio of their chemical 
equivalents. 


Mass of copper deposited Eq. mass of Cu 
Mass of silver deposited Eq. mass of Ag 


Exercise 10.7: 0.2972 g of copper is deposited by a current of 0.5 am. 
pere in 30 minutes. What is the electrochemical equivalent of Cu ? 
Solution : Quantity of electricity passed 0.5 x 30 x 60 = 900 coulomb. 
Copper deposited by 900 coulomb = 0.2972 g. Copper deposited by 1 
coulomb = 0.2972/900 = 0.00033 р. 

Hence, electrochemical equivalent of Cu = 0.00033 g` 
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DIL.H,SO, COPPER SULPHATE SILVER NITRATE 
Fig. 10.20 : Electrolytic process 


Exercise 10.8 : An electric current is passed through two cells in series 
containing solutions of copper sulphate and silver nitrate, What mass of 
Cu will be deposited while 4.26 g.of Ag is being deposited ? 
Solution: Маѕѕ of Ag deposited _ Eq. massof Ag 426. 108 
Mass of Cu deposited (X) Eq. mass of Cu X 31.7 

Therefore X = 4.26 x 31.7/108 = 1.25 g 
10.7.3 Applications of Electrolysis 

Electrolysis is used in the production of certain metals, e.g., Na, 
K, Mg, ALetc. (Unit 2, 14) and non-metals, e.g. chlorineetc. (Unit 13) 
purification of metals, e.g., Cu, еіс. (Unit 2, 15) and in electroplating. 
Electroplating : In electroplating a uniform layer of a metal is formed 
on the surface of an Object. As shown in Fig. 10.21 the object to be 
BATTERY | swirCH 


+ ЕЕ 


‘ANIONS CATIONS 


Fig. 10.21: Electroplating of silver 
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electroplated is made cathode in the electrolytic cell and the plating 
metal is made anode. The electrolyte is a soluble plating metal salt. In 
the electroplating of silver on utensils, soluble silver salt is taken as the 
electrolyte. The electrode reactions are : 

At the cathode : Ар? + е ——— Ag deposited on utensil 

At the anode : Ag ——» Ар’ + e^ 

Metals like gold, chromium, nickel, platinum, etc. can be electro- 
plated on the surfaces of iron (steel) and copper. The electroplated ob- 
jects resist corrosion. They can be used for decorative purposes also. 
10.8 OXIDATION NUMBER 
Let us consider the reaction. 
2 Mg(s) + O,(g) ——> 2 MgO(s) 
The reaction is a case of oxidation as it involves the addition of oxygen.’ 
Here the substance being reduced is not readily seen. On the basis of 
electron transfer criterion and also if we remember that MgO is a net- 
work lattice of Mg” cations and O?^anions, we find that the reaction 
may be regarded as oxidation of Mg to Mg?' and reduction of oxygen to. 
о” 

Now consider another reaction, which is formally a similar геас- 
tion to 2Mg(s) + О, (g) — 2MgO(s), i.e., burning of sulphur in oxygen. 

S(s) + О, (g) — SO,(g) 

This burning of sulphur cannot readily be regarded as an oxidation 
- reduction in the sense of complete electron transfer from one species to 
another. Nevertheless, it is desirable that this reaction should be viewed 
as a redox reaction, and this is possible through introducing an alterna- 
tive definition in terms of directed numbers assigned to the atoms, called 
oxidation numbers. The use of such numbers provides a means of de- 
ciding whether oxidation - reduction is involved in a reaction or not. 
The change in oxidation number of a species indicates that oxidation or 
reduction has occurred. Oxidation numbers are a book-keeping concept 
introduced by chemists. The oxidation number, sometimes referred to as 
the oxidation state, is used to designate the positive and negative charac- 
ter of the atoms. Therefore, the oxidation number is a charge assigned to 
an atom of a compound or an ion according to some arbitrary rules. This 
number is only a convenience in case of covalent compounds. When 
valence electrons are removed or shifted away from an atom during a 
chemical reaction, thc atom is assigned a positive oxidation number and 
is said to be in a positive oxidation state when electrons are gained or 
shifted toward an atom during a chemical reaction the atom is given a 
negative oxidation number and is said to be in a negative oxidation 
state. The numerical value of the oxidation number depends upon the 
number of electrons involved per atom in the transfer or shift to or away 
from the atom. 
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Kules for Assigning Oxidation Number 

Oxidation number may be determined as follows А 
(1) Тһе oxidation numbers of monoatomic ions are simply tne charges 
of the ions. Thus, the oxidation numbers of the ions K*, CI-, Cu?, Fe 
are *1, —1, +2, and 43 respectively. 
(2) Тһе oxidation numbers of atoms which are not in the form of ions, 
e.g., for S and О, in SO,, are found from the following formal rules : 
(i) Atoms of elementary substances/compounds are given an oxida- 
tion number of Zero, e.g., the oxidation number of Br in elementary Br, 
is zero. Others like H, P, S,, О N, F, Ag, К, etc. have oxidation 
number zero. 
(ii) Hydrogen is assigned an oxidation number +1 in its compounds 
except when bonded to active metals as in NaH, where it assumes an 
oxidation number -1 


(ii) Oxygen atom is generally given an oxidation number -2 in its 


following rules. 


3. For any neutral compound, the algebric sum of the individual oxi- 
dation numbers assigned to atoms is Zero, 
4. For an ion (or polyatomic ion), ihe algebric sum of the oxidation 
number of the atoms is the сһагр on the ion. 

The more electronegative atom in the Species has the negative 
oxidation number, the less electronegative atom has the positive number, 


Oxidation number of -1 in all its Compounds. For aii other halogens the 


пах 


number of -2, total-8.For the algebric sum ot the oxidation numbers to 
be zero, sulphur must have an oxidation number +6. For Na,SO,, a 
similar calculation shows the oxidation number of sulphur to be +4; in 
H,S the oxidation number of sulphur is -2. Several common oxidation 
numbers are summarized in Table 10.2 


TABLE 10.2 : Example of common oxidation numbers 


Element Oxidation number 

N, 0 

H +1 (except - 1 in hydrides; e.g., NaH) 

Li +1 

Na +1 

Pb +1 

Mg +2 

Ca +2 

Al +3 

F -1 

cl +1 (+1, апа =] in compounds with only two atoms, e.g., 
Br *1,—1 | for Cl + 1 in CIF and-1 in ICI. Variable oxidation 
I +1,—1 | numbers in compounds containing more than two at- 


oms or more than two types of atoms, e.g., in CIF,, Cl 
assumes +3 oxidation number, Cl assumes +7 in 


NaClO,) 
о —2 (except -1 in peroxides; e.g., H,O, and Na,O,) 
Hg +1 and +2 
Fe +2 and +3 
Cu +1 and +2 
Pb +2 and +4 


Ít is important to emphasize that, although the concept of oxida- 
tion numbers is of grant convenience in writing formulae and in balanc- 
ing oxidation and reduction equations, the concept of oxidation number 
is quite arbitrary. 

Exercise 10.9 : Calculate the oxidation numbers of all the atoms in the 
following compounds and ions: CO,, ALO, H,SO,, KMnO,, K,Cr,0,, 
P,O,,CH,Cl, NH,*, Ca(OH), and K,CO,. 


Solution : 

Species Oxidation number Oxidation 
number of 
atoms 

Co, Eáchoxygen- -2 Total charge (-0)- total охуреп= —4) , O=-2, 

Total oxygen= -4 Carbon = +4 С=+4 

ALO, Eachoxygen=—2 Totalcharge(-0) x (total oxygen=~ 6) 02-2 
Totaloxygen--6 Total Al 246 Al=+43 
Each A! = +3 
Conunue 


489 


Table (Continued) 


Species Oxidation number Oxidation 
number of 
atoms 

H,SO, Total oxygen=-8 Total charge (-0)— [total (oxygen H=+1 
+ hydrogen) =—6] 02-2 
EAEE E ve et РУ TTE CN S=+6 


Total Hydrogen=+2 Sulphur =+6 
Total (oxygen + 


hydrogen) = ~ 6 

KMnO, Total oxygen=-8 Total charge (=0)-{total (oxygen K=+1 
Potassium = +1 tassium) = - 7 O=-2 
Total (охувеп+ Manganese = +7 Mn = +7 
potassium)=~—7 

K,Cr,O, Total oxygen=—14 Total charge(=0) [total (oxygen + 0=-2 
Total potassium=+2 potassium) =—12] K=+1 
Total (oxygen + Total chromium = +12 Cr +6 


potassium) = -12 ^ Each chromium = +6 


P,O, Totaloxygen- -10 Total charge (=0) (total oxygen- 10) O=-.2 
‘otal phosphorus = +10 P= +5 


Each phosphorus = +5 


CH,Cl, Total chlorine=—2 Total charge (=0) — [total (chlorine = +1 
Total hydrogen=+2 hydrogen) =0) Cl=-1 
Total (chlorine+ 
hydrogen) = 0 Carbon = 0 

NH,' Each hydrogen =+1 Total charge (=+1) — zotal hydrogen) = +4 H=+1 
Total hydrogen=+4 Nitrogen = —3 N-23 

NES 

Ca(OH), Total hydrogen=+2 Total charge (—0) — [total (hydrogen H=+1 
Total oxygen=—4 oxygen) -.42] 0-22 

Ай Са=+2 

Total (hydrogen+ Calcium =+2 
oxygen) --2 

K,CO, Total oxygen ==% Total charge (-0) — [total 0--2 
Total potassium=+2 (oxygen + potassium) = -4] К=з1 


Total (oxygen + Carbon =+4 
potassium) = -4 


10.8.1 Redox Reactions in terms of Oxidation Number 
A reaction is considered as a redox reaction if there is a change in 


the oxidation number. Let us consider, for example, the following reac- 
tions. 


(a) Zn(s) + 2HCl(ag) ———5 ZnCl,(aq) + H,(g) 
or Zn(s) Ў 2H*(aq) ———> Zn?*(aq) + H (g) 


490 


Reactant: Oxidation number of Zn = 0 
Total oxidation number of hydrogen = +2 
Product : Oxidation number of Zn?* =+2 
Oxidation of number of dihydrogen = 0 

The oxidation number of zinc has increased from 0 to +2. It has 
been oxidized. The oxidation number of hydrogen has been decreased 
+1 to O (for total hydrogen +2 to 0). It has been reduced. Thus, we 
conclude that oxidation is an increase in oxidation number and reduction 
is a decrease in oxidation number 
(b) 2HI(aq) + Cl,(aq) ——» L(s) + 2HCl(aq) 

Change in oxidation numbers, I =-1 to 0, 

Cl = 0 to-1 
H = +1 to +1 (no change) 
Thus, iodine in HI is oxidized and chlorine is reduced. 
(c) 2MnO, +10CI + 16 Н" ——> 2Mn” + SCI, + 8H,O 
Change in oxidation number, Mn = +7 to 2 
О =-2 10-2 (no change) 
СІ =-1 100 

Therefore, manganese in MnO,” is reduced and CI- is oxidized. 
(d) S(s) + O,(g) — SO, (8); 

Change in oxidation numbers, S = 0 to +4, 

element O, = 0 to —2. 

Therefore, sulphur is oxidized and elemental oxygen is reduced. 
() 50,8) +40,(6)—> 50,8) 

Change in oxidation numbers, S = +4 to +6, 

element О, = 0to 2. 

Therefore, the increase in oxidation number of sulphur shows this 
to be an oxidation reaction. Elemental oxygen has been reduced as its 
oxidation state decreases from 0 to -2. 

(D  SO,(aq) + OH (aq) —> H,SO,(ag) 

Change in oxidation numbers, S = +4, to 44,02 -210 -2 

In this reaction, the oxidation state of each element remains unal- 
tered and so this reaction by definition, is not a redox reaction. 

(в) NaH(s) + H,O(aq) ———» H,(g) + NaOH (aq) 

or H-(ag) + H,O(aq) —> H,(g) + OH- (aq) 

Change in oxidation numbers : 

Н in the hydride ion = 4 to +1 іп OH- ion. 

Н in the water = +1 to 0 in H, 

In the reaction, hydrogen is experiencing both oxidation and re- 
duction. The reaction is, therefore, one of oxidation and reduction. This 
reaction also represents, by definition, an acid-base reaction. Hence, tne 
reaction may be regarded both as an acid-base reaction arid as a redox 
reaction. 
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10.8.2 Oxidation Number and Nomenclature 

During the development of chemistry, substances were often given 
names based on some characteristic property or on their structure with- 
out any relationship to their chemical nature, e.g., blue vitriol (CuSO,. 
5H,O), calomel (Hg,CL), quick silver (Hg), Glauber's salt (Na,SO,. 
10H,O). Such trival names are being replaced by more systematic 
names. 

When an element forms more than one oxidation states, it is re- 
quired to distinguish between the states. Older nomenclature uses the 
ending —ous to denote a lower oxidation state and the ending-ic to 
denote a higher oxidation state, e.g., ferrous chloride (ЕеС1,) and ferric 
chloride (FeCl,). Neither of the two endings indicate a specific oxidation 
state. Therefore, it is preferable to use Roman numerals immediately 
following the modern name of the element to show its oxidation state 
(Table 10.3) as proposed by Albert Stock (1910-1936) 


TABLE 10.3 Common and Stock names for some salts 


Molecular formula Common name Stock name 

FeCl, Ferrous chloride Iron (II) chloride 

FeCl, Ferric chloride Tron (Ш) chloride 

Cu,0 Cuprous oxide Copper (I) oxide 

Pb Cl, Plumbous chloride Lead (II) chloride 

Pb Cl, Plumbic chloride Lead (IV) chloride 

K,Cr,0, Potassium dichromate Potassium dichromate (VI) 
О: Vanadium pentoxide Vanadium (V) oxide 

Mn,0, Mangane 2 heptoxide Manganese (VII) oxide 


With the knowledge of oxidation state from the name of com- 
pounds it is easy to reconstruct the formula of the compound. For ex- 
ample, manganese (Ш) oxide is formed from Mn* cation and the O? 
anion. To make it neutral there must be two Mn* and three О? ions, 
hence, the formula is Mn,O,,. 

Stock notation is not generally used for compounds formed from 2 
nonmetals. Compounds such as PCI, and PCI, are differentiated by 
names phosphorus trichloride and phosphorus pentachloride respec- 
tively. It means if two elements form more than one binary compounds, 
Greek prefixes mono -(1) di- (2), tri-(3), tetra-(4), penta-(5), hexa-(6), 
etc. are used to designate the ratio of atoms in the compounds. Accord- 
ingly the oxides of nitrogen : 


МО Dinitrogen oxide (Nitrous oxide) 
NO Nitrogen oxide (Nitric oxide) 
N,O, Dinitrogen trioxide 

NO, Nitrogen dioxide 

№0, Dinitrogen pentoxide 
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10.8.3 Balancing of Oxidation Reduction Equations 

Many compounds or ions in aqueous solutions generally act as 
oxidizing agents (Cr,O?- , MnO, Fe, CL) whereas other generally act 
as reducing agents (Zn, 50,27 Sn*, Fe; A large number of possible 
redox reactions arise from different types of combinations of pairs of 
oxidizing and reducing agents. It is advisable to frame a working proce- 
dure which helps in balancing chemical reactions. 

Many equations for oxidation and reduction reactions such as 
those between zinc and chlorine or between iron and oxygen can be 
balanced readily, by inspection. The balancing of redox reactions equa- 
tions come across in electrochemical cells could also be done by inspec- 
tion. Such reactions occur in two steps and we denote them by two half- 
cell reactions. Oxidation reaction occurs in one half-cell and reduction 
reaction occurs in the other half. At times, the equations which represent 
these half-cell reactions are called partial equations. Let us take the help 
of these partial equations in balancing non-electrochemical redox reac- 
tions. For balancing such redox reactions : (1) we first write the bal- 
anced partial (or half) equation, (ii) partial equations are combined to 
obtain an overall balanced reaction equation taking care to balance elec- 
trons as well. 

Rules for Balancing a Redox Reaction Equation : 

1 Knowledge of the correct molecular formulae of the oxidizing 
(oxidant) and reducing (reductant) agents and also that of reduced and 
oxidized products is desired. 

2. The law of conservation of mass should be adhered to. 

3. Balancing of electrons should be done carefully. 

Redox reactions occur in acidic, basic and neutral solutions. In 
balancing such reactions one has to take care that H* ог any acid, OH or 
any base or none appear on either side of the equation. 

The equations for complex reactions can also be balanced easily 
by considering the reaction in two partial equations or more. At times, it 
is not easy to write down a partial reaction when polyatomic ions are 
involved, e.g., it is not obvious what the partial reactions are for the 
dichromate - chromium (III) and permanganate - manganese redox pairs 
in acid solution. To arrive at partial reaction equations for such Systems, 
the use of formal oxidation numbers is necessary. A equation can be 
achieved by considering the following points : 

l. Change in oxidation numbers (or states) that occurs. 
2. For oxidation to take place, reduction must occur. 
3. | Number of electrons lost by the reductant must equal the number 


gained by oxidant 
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For illustrating the method of balancing a redox reaction, let us 
consider the reaction, 

Сг,0,2— + Fe” + Ht———_> Сг + Fe” + H,O 

To arrive at a balanced equation let us proceed stepwise. 
STEP - І: Find the elements whose oxidation numbers are changed. To 
do this first write dwn the oxidant and its conjugate reductant, and then 
reductant and its conjugate oxidant. 
Reduction: cor exerc X г т 

Oxidant Conjugate reductant 

Oxidation number changes from +6 to +3 

Oxidation: +Fe* © —_—_——> Fe” 


Reductant Conjugate oxidant 
Oxidation number changes from +2 to +3 

STEP - II: Balance each half-equations separately. Let us first consider 

the reduction half-equation. 

(i) Balance with respect to the atom which is undergoing a change in 
oxidation number. There are two Cr atoms on the left, one on the 
right. Hence, Ст,О 2——— 2 Cr+ 

(ii) Assign and calculate the total oxidation numbers of the atom 
undergoing a change in oxidation number 

(+6 x 2) (+3 x 2) 
(Сг,0,2—> 2Cr* 

(iii) Balance the oxidation numbers by adding electrons to which ever 
side is necessary to make up for the difference. The total oxidation 
number for chromium atoms is +12 on the left and on the right +6. 
Therefore add 6 electrons to the oxidant side of the equation., 

(+6 x 2) (+3 x 2) 
Cr,OF + 6e- ——> 2 Cr+ 

(iv) Balance the half-equation in the terms of the charges. Since reac- 
tion is taking place in acid solution, Ht ion is necessary to be 
added to account for the extra positive charge on either side. The 
total charge on the left is -8, on the right side +6. Therefore 14H* 
should be added on the oxidant side to balance the charge. 

Сг,О + 14 H* + 6e- ——> 2Сг?* 

(v) Balance oxygen by adding water. Since there are 14 hydrogen 
сете and 7 oxygen atoms оп the left side, 7H.O is needed on the 
right, 

Cr,0;+ 14H* + бе — s 2Cr" + 7H. O 
Notice, that the equation is now balanced. ў 


Now let us take the oxidation half-equation and apply the same 
steps. 
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(i) Itis already balanced in the terms of the atoms. 
pe^ —» Ее” 


Reductant Conjugate oxidant 
(ii) Assign and calculate the total oxidation numbers. 
(+2) (+3) 


Ее” ——> Ре” 
(iii) Balance the oxidation number by adding one electron to the conju- 
gate oxidant side. 
Fe?* —— Fe? + e- 
(iv) Balance the equation for the charges. Both sides have already 
achieved balance for the charges, i.e., +2 on both the sides. 
(v) Addition of water is not required as this half-reaction does not 
involve oxygen and hydrogen. 
STEP-III: Before combining, ensure that the number of electrons lost 
by the reducing agent must equal the number gained by the oxidizing 
agent, i.e., change experienced, in terms of oxidation number, by oxida- 
tion reaction must equal the change in a reduction reaction. If necessary, 
multiply the half equation by the least common multiple. 
Oxidation : 6 x [Fe** ———> Fe?* + e7] 
Reduction : 1 x [Сг,0,2+ 14 H* + 6€ ——» 2Cr* + 7Н,0] 
Add the half reactions and cancel the terms that appear on both 
sides of the equation. 
6 Fe” + Сг,О j* 14 H* + 6e- —> 6Fe™ + 2Сг* + 7Н,О + бе 
The overall balanced equation is, 
6Fe% + Ст,О + 14 Ht —» 6Fe™ + 2Cr** + 7H,O 
Exercise 10.10 : Balance the following equation in a basic solution 
NO3+ Zn ——» Zn* + NH,* 
Solution : Identify the oxidation and reduction reactions. 
I Oxidation: Zn ——> Zn? 
Reduction: NO, ——» NH; 
П (а) Balance the Oxidation Half-Reaction 
(i) Balance the equation with respect to atoms (other than H and 
O). It is already balanced. 
(ii) Calculate the oxidation number 
(0) (+2) 
Zn ———> Zn* 
(iii) Balance the oxidation numbers by adding electrons. 
Zn ——» Zn” + 2e- 
(iv) Balance the charges : already balanced. 
(v) Not required as it does involve oxygen. 
(b) Balance the Reduction Half-Reaction 
(i) Balance the equation with respect to atoms other than Н and 
O : already done. 
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(ii) Calculate the oxidation number of the’ atoms undergoing 
change in oxidation numbers. 
(+5)_ (-3), 

NO; —> NH; 

(iii) Balance the oxidation number by adding electrons. For N 
oxidation number changes from +5 to -3. Therefore, add 8 
electrons on the left side to balance the oxidatioon number. 

NO, +8е— — NK; 

(iv) Balance the charges. In basic solution ОН are required to 
account for extra negative charges. Total charge on left is -9, 
on the right +1. Therefore add ten ОН- on the right side to 
balance the charges, 

NO, + 8е— —> NH; *100H 

(у) Add water molecules to balance oxygen. There are 3 oxyger 
on the left side and 10 oxygen on the right side. Add 7Н,О 
on the left side to balance both. HandO 
NO; + 79,0 + 8e- —— NH, , + 10 ОНУ 

(i) Now balance the electrons produced in oxidation and con- 
sumed in reduction. Multiply the equation by some least 
common multiple number to balance the electrons if neces- 
sary. 

Oxidation: [Zn ——> Zane + 2e]x4 
Reduction: [NO," + 7H,O + 8е— — NH, + 10 OH 1х1 

(ii) Add the two half-reactions and cancel the common terms. 

4 Zn + NO, +7H,0+86-—> 4Zn?* + NH} +10 ОН 48e7 
The overall balanced equation is, 
Zn + NO, + 7H,O ——> 4Zn**+ NH; + 10 OH - 


10.8.4 Applications of Redox Reactions 


I 


In metallurgical operations : Metal oxides are reduced to metals 
by using appropriate reducing agents. Purified iron ore (Fe,O,) is 
reduced by carbon monoxide (from coke by air oxidation) in a 
blast furnace. 

Fe,0, + ЗСО — —» 2 Fe +3 CO, 
Aluminium, sodium, calcium, magnesium and potassium are ob- 
tained by employing electrolytic (or cathodic) reduction method. 
Both zinc and lead are also produced by reducing their oxides with 
carbon. 
Reaction of hydrogen and oxygen is used in fuel cells (electro- 
chemical cells with hydrogen and oxygen electrodes). Fuel cells 
are used to supply electrical energy in space capsule. 
Trees grow by chemical change, carbon dioxide from the air com- 
bines with water to make new cells. This is the basis of a reaction 


called photosynthesis and needs the energy from its surrounding 
particularly sun to make it work. 
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6CO,(2) +6Н,0@ субу CoHnOs (аф) + 60,6) 


Here CO, is reduced to carbohydrate and water is oxidized to 
oxygen with sun supplying the energy. 

4. АП energy supplies are possible through redox reactions. Power 
stations and domestic fires get energy through coke. Engines of all 
Sorts, e.g., cars, ships, aeroplanes, etc., use oil to get energy. For 
cooking etc., gas gives energy. All these fuels give energy through 
their oxidation. Б 
Fuels (wood, gas. oil, etc.) + О, —> СО, + H,O + Energy + other 

' products. 
In living cells, glucose C,H,,0, is oxidized to CO, and water in 
the presence of oxygen, and energy is obtained. 
C,H,,0,(aq) + 60,(g) ——» 6CO,(g) + 6H,O(I) + Energy 


SELF ASSESSMENT QUESTIONS 
MULTIPLE CHOICE QUESTIONS 


10.1 Put a (V) mark against the sultable answer : 
G) А solution containing one mole per litre each of Cu(NO,),, AgNO,, Hg,(NO,), 
and Mg(NO)), is electrolysed using inert electrodes. E in volt (reduced poten- 
tial) аге: Ag*/Ag = 0.80, Cu**/Cu = 0.34, Hg;*/2Hg = 0.79, Mg?*/Mg = -2.37 
With increasing voltage, the sequence of deposition of metals on the cathode will 
be . 


(a) Ag, Hg, Cu, Mg, (b) Mg, Cu, Hg, Ag, 

(c) Ag, Hg, Cu, (d) Cu, Hg, Ag, (IIT 1984) 
(i) Тһе electric charge for electrode deposition of one gram equivalent of a sub- 

stance is : (IT 1984) 


(a) one ampere for one second (b) 96,500 coulombs per second, (c) one ampere 
for one hour (d) charge on one mole of electrons X 

(ii) The reaction 1/2 H,(g) + AgCl(s) ——» H*(ag) + Cl{aq) + Ag(s) occurs in the 
galvanic cell. UIT 1985) 

(а) Ag | AgCl(s)| KCl solution| Ag NOj(aa)Ag 

(b) Pt} H,(g) | HCI solution] Ag NO, (ag) | Ag 
(с) Pt} H,(g) | НСІ solution | Ag Cl(s) | Ag 
(d) Pt | H,(g) | KCI solution|Ag CI (s) | Ag 

(iv) When a lead stdrage battery is discharged, ! (IIT 1987) 
(a) SO, is evolved (b) lead is formed (c) lead sulphate is consumed (d) sulphuric 
acid is consumed. { 6 

(v) The standard reduction potential, E" for the half-reactions are as, (IIT 1988) 
Zn**/Zn Fe = +0.76 V 
Fe?*fFe Е 29041 V j 
The emf for the cell reaction Fe* + Zn ——> Zn” + Fe .... is 
(а) —0.35 V (b) +0.35 У (с) +1.17 V (d)-.17 V 

(vi) | Which of the following reactions occur at the cathodes ? 

: (a) hydrolysis (b) oxidation (c) reduction (d) none 

(vii) The reaction Zn —> Zn?* + 2e~ occurs "ne j 

(a) at the anode (b) at the cathode (c) in solution (d) not possible 
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(viii) One Faraday is equal to” 
(a) 96.5 coulombs mol-*(b) 96.5 X 10? coulombs mol-! (c) 6.23 x 10? coulombs 
mol- (d) 96500 coulombs mol" 
(ix) Which of the following ions move towards the anode during electrolysis of brine 
solution ? 
(a) Na+ ions (b)CI- ions (с) OH- ions (d) H” ions 
(x) Which of the following processes is an oxidation process ? 
(a) the increases in positive charge of an ion 
(b) the addition of hydrogen to a compound 
(c) the addition of chlorine to a compound 
(d) the loss of hydrogen ions by an acid 
(xi) The following are balanced half-reaction equations, which of them represent re- 
duction process ? 
(а) Бен ——> Fe™ + e- 
(b) MnO,- + 8H* + 5e- ———> Мп2* + 49,0 
(c) HS —> S + 2H* + 2е— 
(d) 4 OH- —> 29,0 + O, + 4e- 
(xii) То balance the equation 
Cr,07+ 14H* + Ze-——> 2Cr* + 19,0, Z should be given a value of .... 
(a) 4 (6) 5 (0 6 (97 
(xiii) For the following reaction in acidic solution 
MnO, + 8H* + 5e- —> Мп? + 4Н,О 
which of the following gives the true oxidation numbers of the manganese on 
each side of the equation ? 
(a) +7 to +6 (b) +7 to +2 (с) +4 to +2 (d) -2 to +2 
(xiv) Which of the following metals is obtained industrially by electrolytic reduction ? 
(a) Iron (b) Aluminium (c) Copper (d) Zinc. 
(xv) Which of the following reactions could not be termed redox reactions. 
(а) 2Na CK(s) + H,SO (ад) —> Na,SO (ад) + HCK(aq) 
€) S(s) + Оа) ——> 50,8) 
(c) 2Na(s) + CL) — 2Na Cl(s) 
(d) H,S(g) + 0,(¢) —> H,O(g) + S(s) 
40.2 Fill in the blanks with appropriate words 
(i) Те more ..... the standard reduction potential, the .. 
hydrogen from acids. 
(i) ^ The process whereby the electrical energy is used to bring about a chemical 
reaction is called ....... 
(ii) _ As the reductant loses electrons it is oxidized, and as the oxidant .... 
(iv) The positive electrode in an electrolytic cell is called 
(у) Шш... reactions the number of electrons .... and 
(vi) The chemical reaction for the Daniel's CEN. 
(vii) Ап oxidizing substance causes another substance to ..... 
(viii). ...... takes place in the presence of sunlight. 


(ix) The potential difference between the standard hydrogen electrode and another 
electrode is called ...... à 


(x) | The negative electrode where ..... occurs is called ..... 
10.3 Choose True and False statements of the followings : 

(i) Pb is a better oxidizing agent than Cu?* 

) In the reaction Cu + Br, ——» Cu Br,, copper is oxidized and Br is reduced. 
(iit) A mutual exchange of electrons gives rise to a redox reaction. 
(iv) А couple in isolation will maintain its reversible equilibrium. 
A couple Fe?*/Fe?* cannot undergo both oxidation and reduction process. 

(vi) Electrode potential does not depend upon concentration. 
(vii) A flow of electron constitutes an electric curent. 


.. is its ability to displace 


Z must be equal. 
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(viii) Oxidation refers to gain of eleetrons. 

(ix) An oxidation number does not predict the oxidation state of an element. 

(x) Тһе shifting of electrons towards zn atom in a covalent bond is called oxidation, 
10.4 Match the statements listed under column B against the terms given under 


column А. 
Column A Column B 
1 Leclanche cell ' a — Cells are connected in series 
2 Lead storage battery b. Adry cell 
3 Daniel cell c. A galvanic cell 
4 Wau d.  Aunit of electrode potential 
5 Volt е. A unit of electrical energy 
6 -Porous diaphragm f  Aneffective way of separating ions 
from mechanical mixing. 
7 Salt bridge в. Avoids diffusion of ions 
8 . Anode h. Oxidation reaction takes place 
9 Cathode i. Reduction reaction takes place 


SHORT ANSWER QUESTIONS 
10,5 (i) Which of the following reactions are redox reactions ? 

Identify the oxidizing and the reducing agents in the redox reaction. 
(a) L(s) + H,S(g) ———> 2HI(g) + S(s) 
(b) Pb?*(ag) 21- (aq) ——> PbL(s) 
(с) SO, (aq) + NO,(aq) —> SO, (aq) + NO(aq) 
(d) NH, (aq)  HCl(aq) —> NH,Cl(ag) 
(е) 2Cl(g) + CH,(g) ———> 4HCI(g) + C(s) 

(i) ^ Give the oxidation state of : 
(a) Fe in FeCl, (b) N in HNO, (c) СІ in NaClO, (d) P in PO? 

(iii) Give the cell notation for the reaction 
Sn(s) + 2H*(ag) —> Sn” (aq)  H.(g) 

(iv) А cell contains two hydrogen electrodes. The negative clectrode is in contact 
with a solution of 10-5 M hydrogen ions. The emf of the cell is 0.118V at 298k. 


Calculate the concentration of H- ions at the positive electrode, m 1988) 
(V) Predict from the table of standard electrode potential whether the following reac- 
tions occur ; 


(а) Will Mg(s) displace Sn? from aqueous solution ? 

(b) Will copper(s) reduce Ag* ion aqueous solution ? 

(c) Pb? (aq) + 2Ag(s) ——> 2Ag*(aq) + Pb(s) 

(d) 2Ag* (aq) + Pb(s) ——> 2Ag(s) + РЫ?" (aq) 

(e) Will copper(s) dissolve in IM НСІ? 
{ (f) Will Zn(s) displace Al(aq) from solution ? v. 
(vi) The following cell has £* = 0.66 V. The Fe”/Fe electrode is the anode. 

Fe || Fe? СІ I AgCHI Ag. Calculate its E^ value. — ^" 
(vii) What oxidizing agents could be employed in IM solution to oxidize Br to Br, ? 
(viii) Write the half reaction equations for the following redox reactions. 

(a) Zn(s) + РЬСІ, ——> Pb(s) + ZnCl, (aq) d 

(b) 2Fe™ (aq) + 2I- ——» 1,(89) + 2Fe** (aq) 

(c) 2Na(s) + Cl,(g) ——> 2NaCI(s) 

(d) Mg(s) + Cl,(g) ——> МЕСІ,(8) 

(e) Zn(s) + 2H*(aq) — 7п?* + 411,(g) ү fua 
(ix) On the basis of the above question answer the following questions. 

(a) Which reactant is oxidized? Give the oxidized product ? 

(b) Which reactant is the oxidant ? 

(c) Which reactant is reduced and to what ? 

(d) Which reactant is the reductant ? 
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(x) 


The charge of an electron is 1.60219 X 10— coulombs, Calculate the value of 
the Faraday constant F. 


0.6 (a) Calculate the emf of the cells formed by, the various combinations of the following 
standard half-cells. (concentrz ion is 1 mol L*) 


(b) 


(с) 


(d) 


(e) 


(6 


10.1 (a) 


©) 
102 (а) 


(b) 


G) Zn(s)| Zn** (aq) (iv) Nis) | Ni*(aq) 
(ii) Cr(s) |Cr°*(aq) (у) Са)! Си> (aq) 
(iii) Cu(s)| Cu?*(aq) (vi) Ag(s) | Ag*(aq) 


Give the anodic and cathode reactions for the followings Indicate the positive 
terminal in each case. 

(i) Zn(s)| Zn™*| BriBr(g) Риз) 

(ii) Cr(s) | Ce || E, L | PMs) 

(iii)Pu(s) | H,,(g) || H*(aq) |Cw* | Cu(s). 

Calculate the emf of the.cell Pb(s) | PbNO,), (M) | HCI(M,) | H,(g) | Pis) 
When М, =0.ЇМ M, 20.2M and f, =1 atm 

With the help of Table 10.1, choose an appropriate oxidizing agent capable of 


' converting : 
(i), Сг (i) I7 101, 
(iii) Pbto (iv) Fe% to Fe** 


With the help of Table 10.1, choose an appropriate reducing agent capable of 
converting 

(i) Fe*toFe (и) Ag*toAg (iii) AP*to Al 

How long a current of 3 ampere has to be passed'through а solution of silver 
nitrate to coat a metal surface of 80 cm? with a 0.005 mm thick layer ? 

Density of silver is 10.5 g/cm? (IIT 1985) 


TERMINAL QUESTIONS 


Arrange the metal listed below in a decreasing order of the reactivity. Point out 
the strongest and the weakest reducing agents. Cd, Ag, Sn, K, Zn, Cu, Pb 

As per the values of Е for Na and Mg, sodium metal should displace Mg” from 
aqueous solution but in practice it does not occur. Comment ? 

When a copper metal rod is immersed іп a silver nitrate solution, copper ions 
start appearing in the solution and silver metal gets deposited on the rod, Can the 
copper rod be regarded an electrode ? If so, is it an anode or a cathode ? 

The following hypothetical metals have been assigaed E" as given against each. 
Which would displace Н, gas from 1 М НСІ solution ? 


Metal ЕУ) 
A —24 
B +21 
с —03 
D *0.1 
E —3.7 


Which of the metals would reduce A% ions to A metal in a 1M A% solution ? 


10.3 Zinc displaces Н, from 1 M НСІ but copper does not. If a pair of copper and zinc 
(joined together) metals is immessed in IM НСІ solution, bubbles of Н, gas appear at 
the copper metal. (a) Does it mean that copper displaces Н, from НСІ (aq) ? (b) What is 
the reaction that occurs ? (c) What is the role of the copper metal ? 

10.4 In each of the following examples, draw a diagram of galvanic cell that uses the given 
reaction. Mark the anode and the cathode. Show the direction of flow of electrons. 


(a) 
(b) 


(c). 


(9) 


Write the balanced equation for each cell reaction. Calculate Era 


Ag'(aq)*Fe'*(ag) ——> Ag(s) + Без (ад) 
Cu(s) + Cl,(g) ——> Cu*(aq) + 2 Cl-(aq) 
Zn(s) + 2Ag*(aq) —> Zn™ + 2Ag(s) 
Cu?*(aq) + H (g) ——> 2H* (ад) + Cu(s) 
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10.5 A traditional way of writing Daniel cell is : 
Zn(s) ; Zn** (aq) (IM) || Cu(aq) (АМ); Cu(s) 
(a) Draw a diagram of the cell and label the anode and the cathode ? 
(b)  Indicate the direction of electron flow ? 
(c) | Give the redox reaction ? 
(d) Calculate the cell potential at 298K. 

10.6 Define the following terms : (a) Electrochemistry. (b) Cathode, (c) Anode. (d) Electro- 

lytic cell, (e) Battery, and (f) Electrode potential. 

10.7 Discuss the principle of operation of a galvanic cell with respect to the followings : 

(a) nature of current, (b) reactions both at anode and cathode, (c) movement of ions, 
(d) discharge of ions, and (e) half-cell reaction. 

10.8 (a) Distinguish clearly between ampere, watt, coulomb and volt. How are they related? 
(b) State the meaning of electrode potential. Mention the factors which affect the 
electrode potential 

10.9 (a) State the primary requirement of a cell which can furnish a continuous flow of 
electrons. 

(b) Describe two commercial galvanic cells with the half-cell reactions occurring at 
each electrode. : 

10.10 Define standard electrode potential. Suggest a method tor finding the standard elec- 
trode potential of a conductor. 

10.11 (a) State reasons for keeping the ion concentration and the temperature fixed for 
measuring standard electrode potential. 

(b) Describe standa;d hydrogen electrode. 

10.12 Give the Nemst equation and describe its applications with some examples. 

10.13 Discuss the reduction potential table with reference to the followings : (a) Placements 
of the elements, ions and molecules, (b) Reducing agents and oxidizing agents, (c) 
coupling of the various half-cells to set up a galvanic cell, (d) Behaviour of some 
substances both as oxidizing and as reducing agents, (e) Defects of the table, and (f) 
Applications of the table. 

10.14 (a) What is an electrochemical series? List some of its uses ? (b) Show by appropriate 
equations that the electrode reaction for the zinc electrode is a reversible one. 

10.15 Define the following terms with illustrations : 

(a) Oxidation, (b) Reduction, (c) Half-cell reaction, (d) Oxidizing agent, (e) Reducing 
agent, and (f) Salt bridge. 

10.16 Write shrot notes on the following : 

(a) Oxidation and reduction potentials, (b) Standard hydrogen electrode, (c) Electro- 
chemical changes, and (d) Daniel cell. 

10.17 Distinguish clearly between the following pairs : 

(i)Electron movement and ion movement, (ii) emfiand potential difference (iii) Electro- 
chemical cell and electrolytic cell, (iv) Cathode and anode. 

10.18 (a) Define oxidation number. What is its significance for covalent compounds. 

(b) State the oxidation numbers of the underlined elements in each of the following 


ions : ж 
HSO; , HSO; . MnO; ‚Сто, BO}, COT 
10.19 Decide which of the followings may be regarded as redox reactions ? 
(i) Васі, + H,SO, ——> BaSO, + 2HCI 
Gi) 2Ag*Cl, —> 2AgCl 
(iii) 2Fe Cl, + Sn Cl, ——> 2FeCl, + SnCI, 
(v) 2H, + O, —>2H,0 
(v) 4NH, + SO, —> 4NO + 69,0, 
10.20 (a) Copper metal reacts with nitric acid to Cu (NO,),, NO, and HLO. Write the bal- 
anced reaction for the reaction making use of the rules for balancing the equation. 
(b) Write a short note on nomenclature of the compounds ? 


501 


10.21 What are the standard electrode potentials for cells in which the following reactions 


occur : 

(a) Мр(ѕ) + Са (ад) —> Mg**(aq) + Cd(s) (Ans. Æ = 1.98 V) 

(b) Fe(s) + Sn^*(aq) —> Fe?*(aq) + Sn(s) (Ans Æ = 0.30 V) 

(c) 2Cr(s) + 3Cu**(aq) —> 2Cr**(aq) +3Cu(s) (Ans E*-1.08 V) 

(d) H,(g)* 2Ag*(aq) —> 2Ag(s) + 2H*(aq) (Ans Æ = 0.80 V) 
10.22 Calculate the standard electrode potential of Cl- at 0.010M to Cl, at 5.0atm (T = 25°C) 


(Ans. E» = 1.5 V) 
10.23 What will be the reduction potential for hydrogen if it exerts one atmospheric pressure 
over a 0.001M solution of HCI ? (Ans E» = —0.18 V) 
10.24 Calculate the standard cell potential for the following electrode pairs : 


(a) РЬ2*/РЬ and Sn**/Sn 3 (Ans 0.01 V) 
(b) Zn**/Zn and Cu**/Cu (Ans 1.10 V) 
(c) Н,(1 atm)/H* and Cu**/Cu (Ans 0.34 V) 
(d) Mg^/Mg and Cu?*/Cu (Ans 2.72 V) 


10.25 Calculate emf of a Daniel cell consisting of a zinc electrode jn the contact of 0.01 M 


solution of ZnSO, and a copper electrode dipped in a 1.5M solution of copper sulphate 
1.10 V) 


10.26 Will H, react with Pb?* at standard conditions ? 
Е° = —0.13 V for Pb?*«2e- —> Pb б (Ans No. Pb will react with Н") 
10.27 Calculate the emf of the following cell and write the equation for the cell reaction. 
Comment on the result 


Pb; Pb?*(1M) // Ав? (1M); Ag (Ans Ё° -—0.93 V) 
ANSWERS TO SELF ASSESSMENT QUESTIONS 
10. 


- 


G) (©) Gi) (d) (їн) (с), iv) (d) (v) (Ы) vi) (©) (vii) (a) (viii) (d) (ix) (b) (х) (a) (xi) (b) 

(xii) (c) (xiii) (b) (xiv) (b) (xv) (a) 

10.2. (i) negative, greater (ii) electrolysis (iii) gains electrons, it is reduced. (iv) Anode (v) 
Oxidation-reduction, lost, gained, (vi) CuSO, + Zn — ZnSO, + Cu (vii) lose elec- 
trons (viii) Photosynthesis (ix) standard electrode potential (x) reduction, cathode. 

10.3 (i) False (ii) True (iii) True (iv) True (v) False (vi) False (vii) True (viii) False (ix) 
False (x) False 

104 1.b2.a3.c4.eS.d6.g7.f8. h9.i 

10.5 (i) Охіаігіпр agent — Reducing agent 

H 


(a) L 5 
() NO, 50, 
(e) Cl, CH 


(i) (а) Fe=+3 (b) N = +5 (c) l= +7 (d) P = +5 (iii) Sn / Sn% // H* /H2/ Pi 
(iv) ` Let the concentration of the H* at the positive electrode be A mol L-! 
E, = Е + 0.0592 Log A 
E, = Æ + 0.0592 Log 10-5 
E, = E, = 0.0592 (log A - log 10-6) 
0.118 = 0.592 (10 А - log 105) 
А = 10* mol L~ 
“© i ap (b) Yes (c) No (d) Yes (e) No (f) No 
vi) Since =E —E 
0,66 =022У aE, "е 
Е mose = 0.22У - 0.66V = -0,44 V 
(vii) Any of the reagents below 
MnO,, Cro. Cl, water, О, 
(viii) (а) Zn(s) —» Zn?*(aq) + 2e— 
РЬСІ (ад) + 2e- —_> Pb(s) + 2 CI- 
(b) 2Fe™ (aq) + 2e- — s 2pe? (aq) 
2I (aq) ——> L(aq) + 2e- 


m js 


Br, in Table 10.1 would cause the oxidation, e.g., 


Y OO _ жаа —— 


(c) 2Na(s) ——» 2Na* + 2e- 
Cl,(g) + 2e- — 5 2CI- 
(d) Mg (s) ——» Mg?* + 2e- 
Сі (в) + 2e- ——» 2CI- 
(c) Zn(s) ——5 Zn**(aq) + 2e- 
2H*(aq) + 2e- ——» 
(їх) (a) Zn to Zm* (b) 2I (c)Cl, to 2 CI- (d) 2H* 
(x) 1 Faraday = 1.0 mole = 6.023 X 10” 
1 electron = 1.602 x 10 coulombs 
6.02 x 10? electrons = 6.023 x 10? x 1.60 x 10-'* 
= 9.6 488 х 10*= 1 Faraday 
10.6 B(a) By combining (i) and (iv) 
ie Ера &-0.25 V and Eje z40.76 V 
Ка URB 
= -(0.25) - (- 0.76) 
=- 0.25 + 0.76 = 0.51 V 
By combining (ii) and (v) 
Е: = - 0.28 У ; Р аю 0.74 V 
Е а= E, а Е, 
= 0.28-(— 0.74) 
= -0.28 + 0.74 = 0.46 V 
By combining (iii) and (vi) 
Egi = 0.80у Ку = 0.34 V 
E. =e 


cell ‘cathode anode 
= 0.80-0.34 
20.46 V 
(b) Reaction at anode Reaction at cathode. 

(i) Zn(s) —> Zn™ + 2e- Br, + 2e- — 2B 
Positive terminal BrBr,{ Рі (5) 

(i) 2Cr(s) ——> 2Cr* + 6e- 31, + без— 61: 
Positive terminal |^ PAP) 

(ш) Hg) > 2H* + 2е- Cu**(aq) + 2e- —»Cu(s) 
Positive terminal Cu(s) 4 


Cell reaction : (i) Zn(s) + Br,(g)-——> Zn**(aq) + 2В#ад) 
(й) 2Cr(s) + 31,(g) — 2Cr'(ag) + 6 (aq) 
(iii) Cu? (aq) + H,(g) —> Cu(s) + 2H* (ад) 
(c) Тһе cell reaction, 
Pb(s) + 2H* (aq) —> Pb% (aq) + H,(g) 
Fog? Ey ha = Hy Ep 
By using the Nemst equation, 


Evy refit [ey 09. агт] 
Substituting the value for Ein andE} from the Table 10.1 
Е =0-(2013)+ > log [0.272101] 


= 0.13—0.0112 =0.1188 V 


Oxidizing Agent 
(d) (i) Cw Au, Е, Mn,, MnO, 
(i) I- ol, * Fe, Ag, Cl, Вг, MnO, 
(iii) Pb to РЬ $ Со, I, MnO, à 
(iv) Fe?* to Ке?” Ag, Cl, MnO,, Br, 


503 


Reducing agent 


(е) Fe*wFe Cu, Zn, Pb, etc. 
Ag* to Ag Fe, Cu, L Sn, etc. 
AP* to Al Mg, Ca, etc. 
(f) Volume of silver deposited = Area X thickness 
= 80x 0.05 = 0.4 cc 
Mass of silver deposited = Volume x density 
= 0.4 х 10.5 =4.2р 
= 108 amu 


Amount of charge required to deposit 108 g of silver = 96500 C 

Amount of charge required to deposit 4.2g of Ag = 96500 x 4.2/108 = 3752 C 
Current = Charge/time 

Time required tg. allow a current of 3A = 3752/3 = 1250 s 


504 


UNIT 11 


Rates of Chemical Reactions 


ш а molecular system .... (passes) ... from one state of equilibrium to another .... by means of 
all possible intermediate paths, but the path, most economical of energy will be more often 
travelled. 

Henry Eyring 


UNIT PREVIEW 
11.1 Introduction 
112 Feasibility of a reaction 
11.3 Rate of reaction 
11.3.1 Meaning of reaction rate 
11.3.2 Units of reaction rate 
11.3.3 Ways to measure reaction rate 
11.3.4 Average rate of reaction 
11.3.5 "Determination of instantaneous rate 
11.3.6 Time dependence of reaction rate 
11.4 Slow and fast reactions 
11.5 Factors affecting rate of reaction 
11.5.1 The nature of the reactants 
11.5.2 Factors affecting the number of collisions between the reacting molecules 
() Concentration of reactants 
(i) ^ Surface area or state of aggregation 
11.6 The quantitative effect of concentration-The order of a reaction 
117 The temperature effect on reaction rate À 
11.7.1 Theory of absolute reaction rate and activation energy (transition rate theory) 
11.8 Catalysts 
11.9 Effect of light on reactions 


LEARNING OBJECTIVES 
At the completion of this unit, you should be able to : 
10 Understand meaning of reaction rate. Aya 
2. Compute the average and instantaneous rate of chemical reactions either from the 
slope of a tangent to a concentration vs time graph or by calculation. 
3. Understand ways to measure reaction rates. р 
Determine rate expressions for a reaction from the initial concentrations of the reac- 
tants. 
Calculate life-time, half-life time of a reaction. ; 
Discuss the effect of reagents nature and concentration on reaction rate. 
Calculate order of reaction 
Differentiate order of reaction and molecularity of reaction. 
Describe the temperature influence on reaction rate. "| 
0. Discuss the collision theory of reactions, stating the factors that affect collision fre- 
quency. 
11. Describe a reaction in terms of energy barrier, 
ergy. 
12. Distinguish between activation energy and threshold energy. у 
13. Discuss the role played by а catalyst in changing the path of a reaction. 
14. Discuss the effect of light on chemical reactions. 


IJ EE 


activated complex and threshold еп. 
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11.1 INTRODUCTION 

There are two basic questions in physical chemistry : 
(i) Where are chemical reactions going ? 
Gi) How fast are they getting there ? 

The first question can easily be answered by measuring the energy difference 
between the reactants and the products. The study of chemical equilibrium 
enables us to understand the extent to which a chemical reaction takes place. A 
high value of the equilibrium constant of a reaction indicates that the reaction 
is going to almost completion. However, the studies of free energy changes or 
chemical equilibrium are concerned with the initial and the final states of the 
system. They are quite silent about (i) what happens in the course of reaction 
i.e., reaction mechanism and (ii) the time that a reaction takes in going toa 
certain extent, We can conclude that there is no correlation between the rate of 
a reaction and its equilibrium constant. 


To answer the second question, i.e. how fast a reaction will occur 
and what path will be followed by the reactants before they get con- 
verted into products, we must get overselves familiar with the principles 
of chemical kinetics. These principles are the subject of this 


The number of phases for the reaction mixture is of immense 
Concern in reaction rate studies. If only one phase occurs throughout as 


in the combination of hydrogen and chlorine to form hydrogen chloride 
gas, 


ho 
Hg) С (py esa у, 2HCI(g) 
the reaction is said to be homogeneous. If more th 
volved in the reaction, e g., the fo 
oxygen in the presense of platinum 


Fh(e)+1/, Оза) ZO, i of) 
the reaction is said to be heterogeneous 
Exercise 11.1 : Indicate wi 
ous or heterogeneous, 

(1) a sugar solution in water 
(i) muddy water 

(iii) silver coin 

(v) concrete 


s ) an one phase is in- 
rmation of water from hydrogen and 


hether the following systems are homogene- 


(v) Contact process 
V,0,(s) 
SO,(g) + Og) ————— SO,() 

Solution : 
Homogeneous systems : (i) and (iii) 
Heterogeneous systems (ii), (iv) and (v) 
11.2 FEASIBILITY OF A REACTION 

We know a chemical reaction takes place spontaneously if there 
is a decrease in its free energy, ie., AG is less than zero. Consider the 
combination of silver nitrate with sodium chloride in aqueous solutions 
to form silver chloride, 

AgNO,(aq) + NaCl (aq) — —* AgCI (s) + NaNO, (aq) 

It is a spontaneous reaction, but we observe that silver nitrate and so- 
dium chloride aqueous solutions taken in two separate test tubes do not 
react to give silver chloride precipitate no matter how close the two test 
tubes are brought. Thus, apart from energetically feasible, a chemical 
change will take place when the reactantsare brought in contact with each other. 
As we observe, a road accident occurs only when a pedestrian, a cyclist, a 
scooterist or a car collide with one another. Similarly a chemical change takes 
place when reacting molecules come in contact ofeach other and collide among 
themselves. 
11.3 RATE OF REACTION 
11.3.1 Meaning of Reaction Rate 

Reactions proceed at different rates. Let us see what the expres- 
sion “the rate of a reaction” means. Consider the reaction between carbon 
monoxide, CO, and nitrogen dioxide. 
Experiment 11.1 : Take 0.1 mole each of carbon monooxide and nitro - 
gen dioxide in a 2 litre closed flask and observe the colour of the 
mixture. Now place the flask in an oil bath heated to 500K. Watch the 
change in colour with time. 
Observation : We observe that initially the gaseous mixture is dark 
brown in colour Fig. 11.1(a). When the flask is kept in oil bath heated to 


Г 


Fig. 11.1 Reaction mixture : СО and NO, at two different temperatures : 
(i) room temperature, and (ti) ea 


500K, there is a gradual disappearance of the reddish brown colour with 
time. 
Inference : Reaction : CO + NO, —> CO, * NO 
is taking place. Since the other gases are colourless, the colour change 
indicates the number of moles of NO, that have reacted during the time 
interval. The quotient of number of moles reacted divided by time inter- 
val, is called the rate of the reaction : 
: quantity of NO, consumed 
Rate = time interval 
= quantity of NO, consumed per unit time 
We observe it is not only the NO, but also CO which is consumed. 
Thus, we can express the rate of the reaction in terms of the rate of 
consumption of either CO or NO,. As CO and NO, are consumed, si- 
multaneously CO, and NO are being formed. Equally well, we can ex- 
press the rate of this reaction in terms of the appearance of either product 
CO, or NO. Which is to be used, depends on the one which is conven- 
ient to measure. If it is convenient to measure the production of CO,, we 
can express the rate in the form 
Rib quantity of CO, produced 
time interval 
= quantity of CO, produced per unit time 

Thus “the rate of a chemical reaction is the change per unit time of 
the concentration of either reactants or products in the reaction", 

When we plot these concentration with time, a graph (Fig. 11.2) 
is obtained. An inspection of the curve reveals that the rate of this reaction 
changes with time. 


N OF CO, OR NO* 


RATIO 


oro 


CONCENTRATION———» 


Fig. 11.2 Change in concentration of reactants and products with time 


Tt can be seen from these curves, that at the start of the reaction, 
the concentration of either reactant is quite high which decreases rapidly 
|: time (Fig. 11.2 curve-I). On the other hand, the concentration of 
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products which was nil in the beginning of the reaction increases quite 
fast with time (Fig. 11.2 curve II). 

In general, the rate (or speed) of any chemical reaction can be 
expressed as the ratio of the change in concentration of a reactant (or 


product) to time interval. 
Mathematically, d, 
final concentration of reactant— initial concentration of reactant 
Rate = time interval wn (11.1) 
final concentration of product initial concentration of proauct 
= - БЙЗ СОООНУН ы perce pee e i soho 
peus time interval (11:2) 
= time interval - n» 


here, C, and C, are the final and initial concentrations respectively (ei- 
ther reactant or product). 
Now let us consider a simple reaction 
R——P 
i.e. , reactant, R, changes into product, P, the rate of this reaction can be 
calculated by substituting the concentration of either R or P at different 
times in the equation 11.3. On substituting these values in equation 1 1.3, 


we get 
— [8], AIR 
Rate = Let T = ARI 2. (11.4) 
. PEP, -. AP 
or Rate — состен. аге е, CELS) 


On substituting the experimental values (the rate of reaction is 
always determined experimentally) of the concentration, we find that the 
rate as calculated from equation 11.4 comes out to be negative. The 
rate of a reaction is always positive. Thus, whenever the rate is ex- 
pressed in terms of the concentration of reactants, a minus sigr. is al- 
ways put before the expression. This minus sign is because the concen- 
tration of reactant decreases with time. Thus, the correct expressions for 
expressing the rate of a reaction are 


Afreactant) 
Rate=—" Et 2. (11.6) 
roduct 
or Rate = + дош) cet aD 


Consider a general reaction : A + 2B ——* C+2D 
The rate of this hypothetical or any other reaction can be expressed 
more specifically as the rate at which one of the reactants disappears or 
a product appears. Mathematically the rate can be wines as. 

The rate of disappearance of the reactant. A = 2 [A] ,.. (11.8). 


е At 
Similarly if the rate of reaction is expressed as disappearance of reactant 


B, the rate could be 
Rate =— мы 0159) 
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Since two moles of B react with one mole of A, thus, concentration of B 
which disappears in a certain period of time would be just the double of 
the concentration of the reactant, A, which disappears in the same period 
of time. Thus, the correct expi essions for the rate of this reaction are 


АГА] _ _ 1 å [B] 
Rate = Pi $ UA ИТО), е 
In a similar fashion one сап write for the products : 
Rate = AIC] _ 1 A[D] we (ALD) 


At AAT 

where A[C] and А [D] represent the change in molar concentrations of 
products C and D respectively during the time interval At. The positive 
sign in the above expression denotes that [C] and [D] increased as time 
passed. From equations (11.10) and (11.11), we can express the rate of 
reaction : 

Rate = -AIA]. 1 ALB) AIC] _ 1 A(D) 

At 2 At At 2 At - (11.12) 

The general way in which the rate of a reaction can be expressed is 
the quotient of concentration change with time, divided by the coeffi- 
cient of that particular species in the balanced chemical equation. 
The minus sign is given in the equation if the rate is expressed as the 
change in the concentration of reactant, and plus sign is given in the 
equation when the concentration change of either product is consid- 
ered. 
Exercise 11.2 : For the reaction : 2NO,(g) —> 2NO(g) + O,(g) 
write rate expressions in terms of each chemical species. 
Solution : Rate expressions for this reaction considering the concentra- 
tions of reactants and nroducts are ` 

Rate= -1 ANOJ || ANOJ _ ATO) 

GUAT AT OSS AT At 

11.3.2 Units of Reaction Rate 

Reaction rate has units of concentration divided by time. Concen- 
tration 1S expressed in moles per litre, time may be expressed in seconds, 
minutes, hours, days or years. Thus, the units of reaction rate would be 

mol тої mol то] : 
Ls  Lmim/ihr:-Lyr 


in solution, but for a gaseous ph 
produced is conveniently measur 
11.3.3 Ways to Measure Reaction Rate 
To dertermine the rate of a Teaction, the change 1n the concentration of 
either reactant or product is measured with time. To measure the concentration 
at any instant, first the reaction is to be stopped which is done by pouring the 
reaction mixture in ice cold water, At this low temperature the rate of reaction 
is so low that it can be assumed to be almost stopped. This process is called 
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freezing the reaction’. 

Reaction rates are determined by measuring the rate at which 
some property of the reaction changes. Some important properties which 
have been studied are colour, volume of the system, pressure, rotation of 
polarized light, weight of reactant consumed or precipitate formed, and 
р". The examples in Table 11.1 illustrate howsomeof these propertiesareused 
are used. 


S.No. Property which changes Sample reaction Е 
with time 
(i) Colour NO.) —c 2NO,(g) 1 
(ii) Volume/pressure N,0,(g) —> 2NO,(9) + 7 0,(g) 
СаСО (в) —> CaO(s) + СО, (в) 
(iii) Rotation of polarized Inversion of sucrose 
light C, Hs 0,,4H,0— CHO, + C,H,,0, 
Sucrose Glucose Fructose 
(iv) Weight Zn(s) + 2HCI() —> ZnCl.(aq) + А48) 
(v) р" CH,COOC,H, (ац)+Н,00)—>СН,СООН (aq) + 


11.3.4 Average Rate of Reaction 

The rate of areaction over a time interval is usually referred to average rat 
of a reaction. It can be determined as follows. 
[reactant], — [reactant], 


LET 


Rate a time interval 
oduct],— [product]; 
dius [product], [product] 


time interval 
Exercise 11.3 : If it takes 1 nanosecond for hydrogen ions concentration 
of 1 x 109 M to disappear, what is the average rate of the reaction ? 
Solution : | 
concentration change 
Кае = time 
1x 107 тої L 
T Tx 107 
= 1x10 mo E's 2 
Exercise 11.4 : In a given reaction : CH,(g) + 20,(g) — CO,(g) + 
2H,O(g) at 400K it is observed that the oxygen pressure falls from 0.50 
to 0.10 atm in 30 min, Calculate the average rate of reaction in (i) 
atmospheres per minute and (ii) molarity per ‘second, 
Solution : (i) 
change in partial pressure 
Rate = - time 
_ __ 0,10—0.50 atm 
E. 30 min 
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= 0402 _ 9 0133 atm/min 
30 min RT 
(ii) For an ideal gas,PV =nRT or Р = =CRT orC = 


BS thus, concentration in moles per litre g is equal to P (atm) divided 
by RT 
Beka 0.0133 atm/min x 1 min/60 s 

~~ 0.082 litre atm mol" deg-'x 400 deg 

z 6.76 x 10:5 M s 


Exercise 11.5 For a reacuon following data was obtainea, Б 
) (mol/L) 20. 18 15 13 11 09 
Time (s) 0 3 102055730. 1750/80 


calculate average rate of reaction (i) upto 5 seconds and (ii) between 20 
and 30 seconds. 


Solution : Average rate of reaction between 0 and 5 seconds 


1.8- 2.0 
" 5 
= 0.04 mol E! $! 
(ii) Average rate of reaction between 20 to 30s interval 
3 Ый з 03.02: E s 
- 3030 ТО 0.02 mol I! s~ 


The average rate over a very small time interval can be deter- 
mined with the help of concentration vs time curve (Fig. 11.3). If we 


— 


CONCENTRATION 


50 54 


TIME —— sd 


Fig. 11.3 Determination of the average rate of reaction for a very snort 
time interval 


want to know average rate betwee 
two perpendicular lines 
lines touch the curve at 
from a and b on coor 


n 5 and 5.1 s interval, we shall draw 
from these time points at abscissa. Let these 
point a and b. Now draw two perpendicular lines 
, dinate axis. Let the values be as shown on the 
axis. Now 

Rus z51297- 1300 


5.5 
512 


ond rx = 0.03 mol E! $7! 


113.5 Determination of Instantaneous Rate 


The instanteneous rate of a reaction is also estimated with the 
help of concentration vs time curve (Fig. 114). It is the slope of a 
tangent line at the time at which the instantaneous rate is required. 


10 


08 


06 


0-4 


PRESSURE (atm) 


y .015 
RATE AT 500s =x 460 


= 326X 10-* atm 57! 
0:2 


0 400 800: 41200 
"eG —” he tion. 

3 е s ate of the reacti { 
Fig. 11.4 Estimation of the instantaneous rate 01 · ied by measuring 
Буе 11.6: н? ot nyarogen 10dide 1S шоу 
the total pressure р in the reaction bev 2 

time(s) 0 200 ^ 4 08 0.86 

p(atm) 040 0,58 0.7 г опас from the start of the 
calculate the rate of the reaction after 500 seco 

Р : ig. 11.4). Draw a 
Solution : Plot a graph between Presses, ре 


int 500 s оп the time, 
perpendicular line to the curve from the point 5 


е point Z. From Z 
axis Let this perpendicular line meets the curve at the po! 


d n : 
aw a tangent AB on he curve slope of this tangent 15 the rate of the 
g t , 


ОЛАНЫ СЭРЫ: 8 у 
Rate of reaction at 5005 = slope of tangent AB Tx 3.26 x 10 atm s? 
11.3.6 Time Dependence of Reaction Rate 
From the slope of the tangents at various points on the 
concentration vs time curve (Fig. 11.4) it can be seen that the rate of 
reaction is not constant but decreases as the reactants are consumed. 
This decrease is very fast in the beginning of the reaction but slows 
down as time passes. Since the rection rate is not constant it is essential 
to specify the concentration as well as the temperature when considering 
rate of a reaction. To compare the rate of two or more reactions we can 
Specify concentrations of reactants (say 1 mol 171) for all the reactants 
and compare the time it takes for converting a definite portion of reac- 
tants into products. Usually when 9845 reactants are converted into prod- 
ucts, the time taken by the reaction is called LIFE TIME. The shorter 
the reaction life-time, the faster is the reaction. It is more convenient to 
compare the time for 50% completion. The time required by a reaction 
to get 50% of its reactant(s) converted into product(s) is called half life- 
time and is denoted by р 


11.4 SLOW AND FAST REACTIONS 

On the basisof the rate,achemical reaction may be termed as slow 
or fast reaction. If rate of reaction is so high that the time for completion 
of reaction cannot be measured with the help of common watches the 
reaction will be known as fast reaction. Most ionic reactions are fast reactions. 


The reactions with their times for completion are given in Table 11.2. 
TABLE 11.2 Reactions with their life-time 


(i) ^ Fastreactiuns Time for completion 


NaCl + AgNO, —»AgCl+ NaNO, 10s 
2NO, — NO, 10755 
H «OH HO 


Ins, 
zR тору, + 4He 1.5 107? s 


(i) Moderate reactions 
H,CO, — H,O + CO, 5 min 
NO, —» 2NO,+1/, O, (330K) 8hr 


CH,COOGH +H,0 yig —> CH,COOH+C,H,OH 12м 


(ii) Slow reactions 


CH, COOC, н, + HO — CH,COOH + C,H,OH 30yr 
EU 288 4.5X 109 yr 
Cr (10) + | — 5 Cr (H,O), P + H,O 2x10* yun 
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Exercise 11.7 : Select the member of each pair having the greater reac- 
tion rate. Assume similar conditions within each pair. 
(i) Evaporation of water or evaporation of gasoline 
(ii) Paper burning or candle burning 
(iii) Iron rusting or copper tarnishing 
Solution : 
(i) Gasoline evaporates faster than water 
(ii) Paper burns faster than candle 
(iii) Iron rusts faster than copper tarnishes, 
11.5 FACTORS AFFECTING RATE OF REACTION 

In section 11.3.5 we have seen that reactions move with different 
speeds. Here, we shall discuss factors which affect the rate of a reac- 
tion. The basic factors which are considred here are (i) nature of the 
reactants, (ii) the concentration, (iii) the temperature and (iv) the cata- 
lyst. 
11.5.1 The Nature of the Reactants 

Consider the following three reactions, all of which occur in 
aqueous solutions, 
(i) SC,O% (aq) + 2МпО, (aq) + 16H* (ад) —> 10CO,(g) + 2Mn**(aq) 

+8 H,O(slow) 

(ii) SFe?*(ag) + MnO; (aq) + 8H* (aq) — 5 Fe* (aq) + Mn?*(aq) + 48,0 


(Very Fast) 
(Ш) Ag*(aq) + Cl-(ag) — AgCl(s) (instantaneous) Р 

Potassium permanganate solution is decolourized by both С,О, 
ions as well as Fe”, Yet, the time required for the decolourization is 
quite different. The third reaction takes place instantaneously and that 
too to almost completion. 

Though all the three are ionic reactions, yet their rates are quite 
different, The difference lies in the specifi¢ characteristics of these ions. 
The conversion of ions to another ionic species is quite fast while the 
conversion of ions, C,0,?, to molecular species, CO,, is slow. On the 
basis of experimental observations, following rules can be framed. 

l. Reactions that do not involve bond rearrangement are usually 
rapid at room temperature. 

2. Reactions in which bonds have to be broken and some new bonds 
have to be formed are usually slow at room temperature. 

Exercise 11.8 : Identify the given reactions likely to be extremely rapid, 

moderate or slow at room temperature. 

(i) Сг (aq) + Fe?*(aq) —> Cr°*(aq) + Fe” (aq) 

(i) 3Fe? (aq) + NO7 (aq) + 4H*(aq) —> 3Fe?* (aq) + NO (р) + 2H,0 

(ii) C,H +124 О, ——> 8CO,(g) + 9H,O(g) 

Solution : Reaction (i) is very rapid. It involves only ionic species and 

does not involve bond breaking of a large number of ions. 
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Reaction (ii) seems to go with moderate rate or slow as it involves bond 
breaking as well as large number of ions. 
Reaction (iii) will be very very slow, in fact at room temperature there is 
no reaction. It involves many bonds to break and to form. 
11.5.2 Factors affecting the number of collisions between the reac. 

tant molecules 

In the molecular model of matter, two molecules must collide to 
undergo a chemical reaction. Thus, factors which can increase the num- 
ber of collisions per unit time would increase the rate of the reaction, 
The following two factors affect the collision frequency.* 
(0) Concentration of reactants 

The following experiment demonstrates the effect of concentra- 
tion on reaction rate. 
Experiment 11.2 : Take dilute solutions of hydrochloric acid and so- 
dium thiosulphate(Hypo). Addi, 2, 3, 4 and 5cm*0.1 M hypo solution in five 
different test tubes numbered 1. 2. 3, 4 and 5. Make volume of solution 
in each test tube to 5 cm? by adding 4, 3,2, 1, 2, 1 and Ост? in-test tubes 
numbered 1, 2, 3, 4 and 5 respectively. 


Fig. 11.5 Concentration effect on reaction rate 


Now add 5 ml НСІ solution in all 
will take place : 

Na,S,0, +2 HCl — 2 NaCl + H,O + SO, +S 
The precipitation of sulphur can be observed in the form of a white 
turbidity in the solution. Note down the time for the just appearance of 
white turbidity in these test tubes. You will observe that time is mini- 
mum for test tube numbered 5 and maximum for test tube numbered 1. 
Inference : As we know that the concentration of hypo is minimum in 
test tube 5, the time taken is inversely proportional to the concentration. 
Às rate is inversely proporation [о time for the completion of reaction. 


* Collision frequency is the number of collisi n г : 
volume [in the unit time ions occuring between molecules in a unit 


the test tubes. The following reaction 
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one can conclude that the rate of reaction will increase with increase in 
the concentration of reactants. 

Increase in the concentration brings reacting species - atoms, molecules, 
or ions closer thereby increases the number of collisions in unit time. 


Fig. 11.6 Number of collisions depends upon the concentration 


Exercise 11.9 : Select the reaction of each reaction pair having the 
greater reaction rate. Give reason to support your answer - 
(i) Ма (s) + L(s) ——» 2Nal (s) 

Na (5) + L(g) ——® 2Nal (s) 
Gi) М, (10 atm) + ЗН, (10 atm) —» 2NH,(g) 

№1 atm) +3 Н, (1 atm) —>2NH, (9) 
Solution : 
Gi):  Na(s) + 1, (8) reaction is faster because collisions will be more 
frequently possible in gas and solid species, than solid and solid species. 
(ii) №, (10 atm) + ЗН, (10 atm) —> 2NH,(g) would have much faster 
rate than that of the two gases at 1 atm pressure because the number of 
molecules per unit volume are much larger at higher pressure thereby 
increasing the number of collisions among them, this way increasing the 
rate of the reaction. 

Does rate of reaction depend on the external pressure ? In case of 
solid and liquid-phase reactions, the increase in pressure hardly brings 
any change to rate of chemical reaction. However, in gaseous reactions 
the increase in pressure decreases the volume, thereby increases the con- 
centration of reacting molecules per unit volume, the rate of reaction is 
also increased. But the increase in rate of reactions with increase in 
pressure should be understood as due to increase in the concentration of 
reacting substances. As such, pressure does not change the rate of reac- 
tion. 

(ii) Surface Area or State of Aggregation 
Reacung substances may exist 1n 5010, liquid or gas pnase. The 
state of reacting substances also influences the rate ot reaction.. 
Experiment 11.3 Take two test tubes a and b. In test tube ‘a’ put one 
piece of chalk (CaCO,) weighing 1.0 g. In the test tube ‘b’ put 1.0 р 
powdered chalk (Fig. 11.7). iei 5 cm? dil НСІ in both the test 
5 


mmc tn Ee TEE 


tubes and note the effervescence. 


HCI 
(5 cm?) 


НСІ: (5 ст?) 


(а) (0) 


CHALK (19) CHALK (19) 


Fig. 11.7 : Reaction between chalk (in two different states of subdivision) 
and dil. HCI. 


It is observed that in the test tube b the effervescence is quite 
vigorous. 
Experiment 11.4 : Take 10g sugar, powder it and place it in one beaker. 
In another beaker, place 10 g crystals of sugar. Add 100 cm? water in 


both the beakers and stir. Observe the time in whichsugarcompletely dissoives. 


It is observed that powdered Sugar disappears soon while crystals of sugar 
take longer time to disappear. 

Let us examine what happens when substances are divided into 
fine particles. Consider a cube of 5 cm side. The volume of this cube 
will be 125 cm? and surface area will be 6 х5 XS = 150 cm?, When this 
cube is brought in contact of a reactant like НС! or H,O, the molecules 
of these collide with the molecules on the surface of the cube. Thus, the 
number of collision will be dependent on the number of molecules at the 
surface. More is surface area, more collisions will take place. Now di- 
vide the cube in smaller cubes of 1 cm side. There will be 125 such 
cubes from the bigger cube. The surface area of each cube will be 6 cm? 
and so the total surface area of smaller cubes will be бх 125 «750 cm? i.e. 5 
times more than the surface area of bigger cube (side 5 cm), The num- 
ber of molecules at this surface will be more and the collisions will also 
be more. This will increase the rate of reaction. 

To sum up, the rate of a reaction depends upon the rate with 
which molecules of reactants collide with one another. In the following 
ways the rate of reactions can be increased : 

l. Stirring, mixing or dissolving two reactants. 

2 In the solution increasing the concentrations of reactants, in gaseous 
phase increase in partial pressures of reacting gases. 

3. Increasing the area of contact between the two reactants. 
Yet we know there are certain reactions the rates of which do not 
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depend upon the concentration of reactants, this can be explained on the 


basis of reaction mechanism. 
Exercise 11.10 : Which burns faster їп air 


(i) alog of wood or wood splinters 
(ii) liquid gasoline or gasoline gas 
Solution : (i) Splinters burn faster because the exposed surface is increased 
by peeling thé wood. 
(ii) Gasoline gas burns almost explosively because of increased surface area. 
Exercise 11.11 ; Explain why there is a danger of explosion where а 
large amount of dry, powdered, combustible material is stored. 
Solution : Material when in the powdered form, the surface area is 
tremendously increased which offers many more possibilities of colli- 
sion between the molecules of the material and air. The rate of reaction 
goes up increasing the-chances of explosion. 
Exercise 11.12 : Consider two gases A and B in a 1 litre flask at 300K 
How the rate of reaction between these two gases be affected if the 
partial pressure of each gas inside the flask is doubled ? 
Solution : Increase in partial pressure increases the concentration of both 
the reactants and consequently increases rate. * 
11.6 THE QUANTITATIVE EFFECT OF CONCENTRATION - 

THE ORDER OF A REACTION 

It is found experimentally that the rate of a reaction is some func- 
tion of concentration of reactant. For a reaction involving a single reac- 


tant 
aA ——2 products 


the rate expression has the general form 

Rate = k [AT^ .. (11.13) 
The power to which the concentration of reactant A is raised in the rate 
expression is called the Order of the reaction. If fy in equation 11.13 
is zero, the reaction is called “zero order" if '= 1, the reaction is first 
order.Here, k is known as the rate constant or specific reaction rate, 
which is equal to the rate of the reaction. when reactant concentration 15 
unity. 

Consider a recuon aA + bB —> products 

Rate = k [АЈ [Bl — (11.14) 
The power mydescribes the order of the reaction with respect to A and 
the order is n with respect tothe reactant B. The overali order of this 
reac tion is (m + n). 

The ordér of a reaction is always experimentally determines. it 
cannot be predicted theoretically. It is defined as “the sum of the powers 
to which the concentration (or pressure) terms are raised in order to 
determine the rate of the reaction. 

Molecularity of A Reaction 

It is defined as the number of atoms, ions or molecules taking part 

in each step leading to the oa ЕН Ай For a multiple step reac- 
5 5 


tion, overall molecularity is taken corresponding to rate determining 
step. : 
The differences between order and molecularity of a reaction аге 
“summarized in Table 11.3 
» TABLE 113 Differences between order and molecularity of a reaction 


Order Molecularity 
(i) It is the sum of exponents ofthe molar It is the number of molecules of 
„concentration of the reactants in the the reactant taking part in a 
Tate equation. single step chemical reaction. 


(i) К may or may not have relation with the It is calculated from the reaction 
stoichiometric equation for the reaction. mechanism. 
(iii) ^ It depends on the experimentally determi- It depends on the rate determining 


ned rate for the overall reaction, step reaction in the reaction mechanism. 
(iv) It may be a whole number or fractional. 1: must always be a whole number. 
(v) із determined experimentally It is obtained from a single 

and cannot be obtained from a balanced rate determining step 

balanced chemical equation. of chemical reaction, 


Exercise 11.13 : The rate expressions for the following reactions are 
given below, find out the order with respect to each reactant and the 
overall order of the reactions : 
(i) For reaction PCI (g) ——> PCL (g) + С1.(8) 

rate = к [PCI,] 
(d) For reaction 2NOx(g) + O,(g) — 2NO,(g) 

rate = k INO}? [ОЈ 
(iii) For reaction 2NO,(g) —> N,0,(g) 

rate = k£NO,] 
(iv) For reaction Н,О (aq) + 2H*(aq) + 2I (aq) —>L,(aq) + 2H,0 

rate = k [H,O,] (ао)? 
Solution : The order with Tespect to a reacting species is the exponent of 
the concentration term of that species in the rate law expression. The 
overall order of the reaction is the sum of the powers to which the 
concentration terms of reacting species are raised in the rate expression. 
Thus, for reaction - 


(i) order with respect to PCI, is One. One is also the overall order of 
this reaction. 
(i) in rate expression [NO] is raised to 2 and [O,] is raised to 1.Thus 
the order with respect to NO (g) and O,(g) are 2 and 1 respec- 
2 tively. The overall order of this reaction is 2+ 1 = 3. 
(ш) the order with respect to NO»(g) as well as overall order of the 
reaction is one. 


(v) the: order with respect to various reacting species is as follows : 


Species Order 
HO, (aq) one 
Ht (ад) Zero 
I (aq) two 


Overall order of this reaction Ы 0+2=3 


p 


= 


11.7 THE TEMPERATURE EFFECT ON REACTION RATE 

Temperature has a pronounced effect on the rates of chemical 
reactions. Generally chemical reactions are accelerated by increase in 
temperature. The oxidation of iron or coal is very slow at ordinary tem- 
peratures but proceeds rapidly at high temperatures. In the decolouriza- 
tion of KMnO, with C,O, ions, heating is required but with Fe?* ions 
no heating is required. The students in the laboratory generally use 
burner to enhance the rate of reactions. It is a well known fact that foods 
cook faster at higher temperatures than at lower ones. 

Now it may be expected that as the temperature increases the 
collision frequency increases, leading to a faster reaction. This has been 
found true in practice but the reaction rate increases with temperature 
much faster than what can be explained by collision frequency. Collision 
frequency (which is proportional to YT accounts for less than 1% of 
this increase. Clearly a rise in temperature of 100K can produce an 
enormous increase in the rate of a reaction. 

We have seen in almost all the reactions that increasing the tem- 
perature has a very pronounced effect, always increasing the reaction 
rate. Two questions come to mind. These are : 

1. Why does a temperature rise increase the rate of a reaction and 
2. Why does a temperature increase have such a large affect ? 

To answer these questions, we return to collision theory. Chemi- 
eal reactions occur when colliding molecules possess а certain amount 
of energy called the activation energy. only those collisions which take place 
between the particles possessing energy equal to the activation energy are 
effective in bringing out the chemical reaction. A certain amount of energy 
called activation energy is to be possessed by these particles so that they can 
cross the energy barrier to be converted into products (Fig. 11.8). 


ACTIVATED COMPLEX 


| eee ___.# ENERGY BARRIER 
ACTIVATION 
ENERGY 


NET ENERGY 
RELEASED 


PRODUCTS 


kJ mol 


POTENTIAL ENERGY 


“REACTION COORDIANTE ————»- 


Fig. 11.8 Concept of energy barrier in chemical reaction 
Activation energy of the reaction represents the minimum energy 
needed by a molecule (or a pair of molecules) to react. The activation 
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energy can be taken as minimum energy required by the molecules be 
fore they can overcome an energy barrier. 

A small fraction of reactant molecules is only capable of over- 
coming the energy barrier. The fraction of such molecules increases with 
increase in reaction temperature. The rate of a chemical reaction de- 
pends on the product of collision frequency and the fraction of mole- 
cules which are in the activated state. Since only a small fraction of the 
molecules are activated, the rate of reaction is much smaller than the 
collision frequency. The higher the activation energy the smaller the 
fraction of activated molecules and the more slowly the reaction ad- 
vances. 

The possible fraction of the molecules having energies in excess 
or equal to any specific value (activation energy) can be found out from 
the Maxwell distribution of molecular kinetic curve at two different 
temperatures (Fig. 11.9). As the temperature increases the average en- 


NUMBER OF MOLECULES 


WITH ENERGY E 


ENERGY ———- 


Fig. 11.9 Distribution of molecular energies.at two temperatures 
ergy increases and the molecular energy distribution curve is shifte 
towards higher energies. The shaded region in Fig. 11.9 refers to th 
molecules with sufficient energy to react. Thus, it is clear that witl 
Increase in temperature the-number of such molecules will increase and 
will decrease rapidly as Et increases. Therefore, the reaction rate will be 
markedly increased Бу an increase in temperature. 


11.7.1 Theory of Absolute Reaction Rate and Activation Energy 
(Transition State Theory) 


There are certain reactions which can be considered to proceed 
via the formation of an activated complex as a result of collision be- 
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tween molecules possessing higher energy than the reactants and’ the 
products separately. There exists an equilibrium between reactant mole- 
cules and the activated complex. The complex can decompose either to 
give products or reactants, 

Let us examine the formation of hydrogen iodide from hydrogen 
and iodine. 

H,(g) + L(g) —e 2HI (g) 

Accordingly, as a result of molecular interactions between the 
molecules of Нз and 1, the bonds present in the molecules get enlarged 
or loosened and an intermediate complex results. 


| 77 
aes аав H` H 
\ 160 
* temp \ eos [orem 
266 pm ! ...295pm 
I pn I (9) I ..s... nr 1 


Fig. 11.10 Activated complex 


' This complex is highly unstable as it has higher energy. The com- 
plex decomposes very quickly either to form products or the parent 
reactants depending upon the conditions. The intermediate complex is 
termed as activated complex. Fig. 11.11 represents the energies involved 
in the reactants, the intermediate and the products. It is also known as 
energy profile. 


>. E,JACTIVATED COMPLEX > g | ACTIVATED, COMPLEX 
y er CA tae БОМ 
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Fig. 11.11 Energy changes during a chemical reaction 


Where L , E and E, represent the energies of the activated complex, 
the reactants and the products respectively. (E), and (E,), denote the 
energy of activation for the forward and reverse reactions and A-E de- 
notes the difference in'energies of the products and the reactants, 

Thus, for the reaction to occur, the reactants must acquire some 
energy, £, — Е. This is called the activation energy for the forward 
reaction, (E), Similarry me acuvation energy for the reverse reacuon 
would be equal to E, — Æ, or (E), Thus, the relationship between 
activation energy and the heat of reaction, AH, will be, 
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AH= (E), - СЕЈ), 
Exercise 11.14 : In а collision of molecules what is the main factor that 
determines whether a reaction will occur ? 
Solution : The main factor is whether the molecules possess sufficient 
energy called the threshold energy to overcome the energy barrier. 
Exercise 11.15 : Potential energy diagram for the reaction 
Br(g) + H,(g) —> HBr(g) + H(g) is Fig. 11.12. 


H Br (g) + Н (9) 


15 


ENERGY (kJ mol-') ——Ф» 
8 


Br (g) + H, (9) 


REACTION COORDINATE ————3> 


Fig. 11.12 

(i) What is the energy of'activation,(E,),for the reaction 
Br(g) + H,(g) —> HBr (g) + Н (g) 

(ii) What is the-energy of activation ( E for the reaction 
HBr(g) + H(g) —eBr(g) + H,(g) 

(iii) What is the threshold energy of the reaction (i): 

Solution : 

() E 225M 

(à E -sy 


(iii) Threshold energy = 30 kJ 
11.8 CATALYSTS 


Many reactions Proceed quite Slowly when the reactants are 


mixed alone but can be made to occur much More rapidly by the intro- 
duction of other substances, These substances are called catalysts and 
are not used up in the reaction, In a reversible reaction, a Catalyst speeds 
up both the forward Teaction and the backward reaction so that the equi- 
Bois 15 established very soon. It does not disturb the equilibrium state 


When a catalyst is added, a new reaction path is opened up with a 
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different energy barrier (Fig. 11.13). The solid curve snows the activa- 


ACTIVATION ENERGY FOR 
FORWARD REACTION 


ACTIVATED COMPLEX 


ACTIVATION 
ENERGY FOR 
REVERSE 
REACTION 


\ 


M 


CATALYZED 
REACTION 


= 


POTENTIAL ENERGY „ав 


UNCATALYZED 
REACTION 


REACTION PROGRESS 


Fig. 11.13 Activation energy diagram for catalysed and noncatalysed 
reactions. 
поп energy barrier which must be overcome for the reaction to occur. 
The new reaction path in presence of a catalyst is shown as a dotted 
curve. The catalysed. route possesses a lower activation energy and a 
different activated complex. Thus, more reacting particles can get over 
the new lower energy barrier and the rate or reaction is increased. 

It is also clear that the activation energy for the reverse reaction is 
lowered exactly by the same amount as for the forward reaction. This 


explains why a catalyst has an equal effect on the reverse reaction. If a 


catalyst doubles the rate in one direction, it also doubles the rate in the 
reverse direction. The equilibrium is not disturbed but it is brought about 
in a shorter time. 

The function of a catalyst is to split up the main reaction into two 
or more steps. The potential energy barrier for each step is smaller than 
that for the single step of the main reaction. In other words, the catalyst 
helps to cross the barrier in two or more steps. 


11.9 EFFECT OF LIGHT ON REACTIONS 
We know methane can be chlorinated in the presence of light. 


Toluene when reacts with chlorine in the presence of UV light forms 
benzyl chloride; photographic plate is effected by light, thus, there are 
many reactions which are photosensitive, such reactions are called pho- 
tochemical reactions. In such reactions energy needed by the reacting 
molecules to over come the energy barrier is supplied by light. These 
reactions usually proceed via the formation of free radicals. For ex- 
ample, the photochemical Vd th of hydrogen and chlorine in the 


hv 
H,(g) + CL (g) ——> 2НСІ 

The reaction is considered to follow the following route 

Cl, «ho —> 2 СІ 

Cl +H, — HCI + H* 

H' + Cl, — HCI + C1* 
Thus, the free radical СІ* once formed by the absorption of light is 
regenerated. The chain continues until the reactants are exhausted or CI* 
free radicals combine to give CL: 
Exercise 11.16 : Consider the decolourization of permanganate by ox- 
alate ions in acid medium, the Stoichiometric equation for which is 
2МпО ад) + 5C,0,”(aq) + 16H"(aq)—>2Mn*(aq)+10CO,(g) + 8H,O(1) 
Does it represent the reaction mechanism. 
Solution : The answer is no. It is clear that the reaction does not take 
place in one step as represented by stoichiometric equation. There is 
remote probability that 23 species will orient themselves in such a way 
that they would collide simultaneously. Thus, a stoichiometric equation 


tells only the overall reaction, not the various steps which the reaction 
follows. 


When a reaction takes place in more than one Steps, it is the 
Slowest step which determines the rate of reaction ie., controls the ki- 
netics of the reaction. 


Dynamicity of chemical equilibrium 


Chemical equilibrium is dynamic in nature has been discussed in 
Unit 9 of this book P 


SELF ASSESSMENT QUESTIONS 


MULTIPLE CHOICE QUESTIONS 
11.11 Puta( J/ ) mark against the most appropriate choice: 
(i) Which of the followings is a homogeneous systern ? 
(а) Apileof beans containing gravel 
(b) Sugar solution in water 
(c) Decomposition of РСІ,(з) into PCI, (в) + CL(g) 
(d) Saturated solution of sodium chloride in water 
(i) Which of the following factors does not affect reaction rate ? 
(а) Concentration of reactants 
(b) Temperature of reaction 
(c) Size of solid reactant particles 
(d) Total pressure in a gas phase reaction 
(iii) ^ For the net reaction 2 X * Y —Z, the rate law for the formation of Zis: 
(à) r-k[XP [Y] 
(b r-k[X][Y] 
(c) a 


T 
Ру? 
(d) cannot tell from the above data 
Gv) — Which of the following is a slow reaction ? 
(a) Бе» + SCN^— Fe (SCNy* 
(b) H*ag)* OH” faq) —> H,0() 
(c) CH,COOCH, (aq) + Ho) — CH,COOH (aq) + C,H,OH (ад) 
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€) CH, + c, AV cr cu не 
(v) For the reaction SO.CL (g) — 50, (g) + Cl, (8) the expression for the rate 
law is rate =k [SO,CL,] the order of reactions is 
{ (а) Zero Ф) One (c),5 (d)2 
И (vi) Тһе following data is obtained for the reaction 


(1 А+2В——>С+р 
1 Experiment Initial Molar Initial Rate 
Number Concentrations x 100 Formation of D, Ms~' 


[A] [B] IC] 
y I 2.0 2.0 2.0 2.0 
{ I 20 1.0 2.0 2.0 
i Ii 4.0 5.0 20 8.0 
In experiment Ш, the rate (in Ms?) with which Cappears is : 
(2160 (b)8&0 (c) 4.0 (d) 2.0 
(vii) The unit for rate constant for the first order reaction is 
i (а) * 5) Mol L^ (c)Mot-! Ld) Mol !Le-: 
(viii) The reaction R —+_ products, is a first order in К. If 2.4 g of R is allowed to 
decompose for 20 s, the mass of R remaining unchanged is found to be 0.60 8. 
What is the half-life, 5 of this reaction ? 
| (а)205 #(b) 10s #(с)5» #(@)15 
(ix) A first order reaction : 
A— > products, has a half-life of one hour. Whatever the quantity of sub- 
stance A involved in the above Tection, 
(a) the reaction goes to completion in 2 hrs 
(b) the quantity of ‘A’ left after 2 hour is half the initial concentration of ‘A’ 
(c) the concentration of ‘A’ left after 2 hour is 3 h the initial concentration 
of À. 
(d) The concentration of A left after 2 hours is 3 th of the initial concentra- 
tion of A. 
Questions(x) and (хі refer to the following potential energy diagram for the reaction 
H,(g) + L(g) — 2HI (g) 


15 ——— 


KOF e 


REACTANT 
H,(9) + L(g) 


a 


h 


PRODUCT 
2HF (g) 


POTENTIAL ENERGY (kJ) 
© 


-as A mmm 


1. 
о 


4—15 


REACTION COORDINATE — 
(x) Тһе activation energy, Ё, for the reverse reaction 


+ оша be 
2HI (в) —> Н, (g) + L (B) м 527 


(xi) 


(xii) 


NUMBER OF 
PARTICLES 


NUMBER OF 
PARTICLES 


11.2 


()1013 ()-10EJ (20K (а)25к] 

The activation energy for the reaction could be 

(a) decreased by increasing the initial concentration of C 

(b) decreased by a suitable catalyst 

(c) increased by decreasing the temperature 

(d) increased by increasing temperature 

Consider the following identical kinetic energy distribution curves for four dif- 


ferent reactions all taking place at room temperature. Select the fastest reaction 
if only the threshold energy is different 


E 


-mm 


NUMBER OF 
PARTICLES 


ENERGY ENERGY 
REACTION A REACTION B 


NUMBER OF . 


------.----- M 
PARTICLES 


ENERGY ENERGY 


REACTION С REACTION D 


(xiii) The half-life period of radioactive element is 140 days. After 560 days, one 
gram of the element will reduce to 

(а) 1/2 (b)1/4 (с) 1/8 в (d)1/16g (IT 1986) 

(xiv) ЇЙ a reaction, the threshold energy is equal to 
(a) activation energy 
(b) activation energy + normal energy of reactants 
(c) activation energy - normal energy of reactants 
(d) normal energy of reactants. 

(xv) For a reaction A + B —> Products, the rate of the reaction was found to increase 
by 1.80:times when the temperature was raised by 273 K A large increase in the 
rate of the reaction is due to 
(a) increase in the number of collisions between reacting molecules 
(b) lowering of the activation energy of the rectants 
(c) increase in the activation energy of the reactants 
(d) increase in the number of active molecules. 

(i) Among the four answers given for each subquestion, one or more is correct. 
Write down all the correct answers, 

The rate law for the reaction 

RCI + NaOH (ад) —9 ROH + NaCl 

is given by, rate = k [RCI] 

The rate of the reaction will be 
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(a) doubled on doubling the concentration of sodium hydroxide 

(b) halved on reducing the concentration of alkyl halide to one half 

(c) increased on increasing the temperature of the reaction 

(d) unaffected by increasing the temperature of the reaction. (IT 1988) 
Gi) А catalyst 

(а) increases the average kinetic energy of reacting molecules 

(b) decreases the activation energy 

(c) increases the frequency of collisions of reacting species 

(d) | increases the rate of forward reaction as well as of reverse reaction. 

11.3 . Fill in the blanks : ы 

() If reactants and products are present in a single phase, the system is said to be 


(1) The rate of a reaction is the quotient of decrease in concentration of reactant and 


(ii) If a reaction proceeds in such a way that its rate law is independent of the reac- 
tants concentration, the order of such reaction is 

(iv) Fora order reaction ihe half-life (17. )is independent of the concentra- 
tion of the reactant. 

(v) The rate constant, k, is the — — —— in the rate law of a chemical reaction. 

(vi) The rate of a chemical reaction is a measure of the rate ог speed with which a — 
— disappears or a — ——  — — appears. 

(vii) The function of a catalyst is to lower the 


for a chemical reac- 
tion. 
(viii) The decomposition of hydroxen peroxide to water and oxygen 
28,0,0) —> 2H,0() + O,(g) 


is a first order reaction. The rate law for this reaction is 
(ix) The rate of the reaction 
2HI (в) > H,(g) + L (8) 
in terms of A[HI] is so that the rate is the same as in terms of A[H,}. 
(x) ly the reaction, Reactant ——>Product, the potential energy as a function of 
reaction coordinate is shown below 


ENERGY  kJmol-^' 


REACTION COORDINATE ——> 
Indicate on the diagram the energy of the reactant, the product, the activation 
energy, and AH for the reaction. 
11.4 Point out the correct statements of p роты 
5 


11.5 


11.10 


(i) Increasing the total pressure in a gas phase reaction increases the rate of reac- 
tion. 

(i) Reactions with high activation energies are usually endothermic. 

(її) For a reaction which takes place in more than one steps, the rate determining 
step is the slow one. 

(iv) The rate of a reaction does not change with time. 

(v) The rate of a catalysed reaction is always independent of the concentration of 
the catalyst. 

(vi) The rate constant for a reaction is independent of reactant concentrations. 

(vii) The energy necessary to cause a reaction between the colliding molecules is 
called the activation energy. 

(viij) Consider the following reaction pair 
@ C()*H (e) —+2H, (e) + СО, (в) 

catalyst 

Gii) C (s) + H,O (s) —> 2H, (g) + CO, (g) 
The reaction (ii) is faster than the reaction (i) 

(ix) The decomposition of NO;CI involves the following two steps 
iNO,Cl— +> NO, + CI (slow) 
rate = k [NO CI] [Cif 

(х) А catalyst lowers the activation energy of the forward reaction as well as of 
reverse reaction to the same extent. 

In the formation of ammonia by the Haber process, 


М, (в) + ЗН, (в) ——> 2NH, (в), 
the rate of reaction was measured as — ———— 2.5-10 7? mol L7! 7! 
Express the rate in terms of ІМН,]. At 


The rate of disappearance of bromine in the hydrogen plus bromine reaction, which is 


of zero order, is given in units of moles per litre per second. What are the units for the 
specific rate constant 


Draw an energy diagram to illustrate the energy relationships for an exothermic 
reaction. 


Predict the overall order of a reaction for which half-life and units of rate constant do 
not depend on concentration, 


The rate constant for a gaseous reaction is 6 x 10*mol™dm? sat 298K. Express it 
in units of atm” s? 


Ammonia is made by passing nitrogen and hydrogen over an iron catalyst. Will thé 
addition of iron speed up, or retard the decomposition of ammonia into its elements. 


TERMINAL QUESTIONS 


Pick the member of each 

tions. 

(a) Logof wood buming or splinters of wood 
(g) 


pair having the Breater reaction rate. Assume similar condi- 


buming 


and I, (s). п between Н, (в) and Br, (I) more than that of between Н, (8) 


Ne food PME at high temperature than at lower temperature 

you expect е reaction CH.(1) + (2 о ) —> 6СО, 3H,O() to repre- 
sent the mechanism by which PORE Ch x Ue Why ? did м 
For a reaction m 
2A*«B——s.C4 D, if 


op 
AD CkIAPIBI 


Write the rate of the reaction in E 3 formation of C. 


I TT 


11.7 Phosphorous, P,, exposed to air burns spontaneously to give Р,О„; the AH of this 
reaction is - 2800 Ю per mole Р,. Draw an energy diagram for u the net reaction, 
explaining the critical parts of the curve. 

11.8 Why is it difficult to hard boil an egg at the top of ‘China Peak’, Nanital ? Is it also 
difficult to cook scrambled eggs there. Explain. 

11.9 An increase in temperature by 10°C does not double number of collisions between the 
molecules. Yet this temperature increase may double the rate of a slow reaction. Ex- 
plain. 

11.10 The rate at which CO is removed from the earth's atmosphere by bacteria in the soil 
is constant. What is the apparent order of this process ? 

11.11 Hydrogen and oxygen do not normally react. at room temperature, but if a trace of 
platinum black is present, an explosion occurs. Comment. 

11.12 How does an increase in temperature affect the rate of chemical reaction ? 

11.13 What are meant by the terms 
(a) activation energy 
(b) transition state 
(c) lifetime 
(d) activated complex 

11.14. How does a catalyst play a part in decreasing the activation energy of a reaction ? 

11.15 The rate law for a reaction was found to be 
Rate = (2.35 x 107* L? mol? s7*) [XP [Y] 

What would be the rate of reaction if the concentrations of X and Y were 1 mol/litre ? 
ANSWERS TO SELF ASSESSMENT QUESTIONS 

11.1 (i) b (ii) d (iii) d (iv) c (v) b (vi) b (vii) a (viii) b (ix) c (x) c (xi) b (xii) a (xiii) d (xiv) a 
(xv) d 

11.2 (i) band c (ii) b andd 

11.3 (i) homogeneous (ii) time interval (iii) zero (iv) first (v) i constant (vi) 
reactant, product (vii) activation energy (viii) т = k[H,O,] (ix) 

(x) fi At 


——- 


\ 


ENERGY Куто! 


REACTION COORDINATE ———» 
11.4 (i) T Gi) EGii) T (iv) F (v) F (vi) T (vii) T (viii) F (ix) F (x) T 


11.5 Sincé ZAM _ 14 INH3} 
At 


АТАБ 
ANH _ 7.5 %10-®тпо1 E! «1 
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11.6 For zero order reaction 
: _ changein concentration _ k 


time interval 


Therefore, units of k will be mol 171 s 1 0-693 
11.8 Overall order of reaction is one. For HS order reactions 1 —=-—— and unit for 


rate constant is s! which is independent of concentration 
[A--- B] 


K 


ENERGY ——+ 


REACTION COORDINATE — ———* 
11.9 Concentration in pressure (atm) = (Concentration) (RT) 
= Exercise 11.4 
Substituting the values 
6 x10 mol! dm? 71 6 x 10-2» 0.082 298 atmrls-! 
= 1.47 arts 
11.10 A catalyst lowess the activation energy of the reactants as well as of the products to 
the same extent and speeds up both the reactions equally. Here iron, the catalyst will 
accelerate the decomposition of ammonia. 
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UNIT 12 


Chemistry Of Non-Metals - I 


(Hydrogen, Boron, Carbon, Silicon, Nitrogen and Phosphorus) 


Who knows not their sense 
(These elements).......... 
Their properties 
And power not sees 
No mastery he inherits 
Over the Spirits 
s J.W. Von Goethe 


UNIT PREVIEW 
121 Introduction 


122 Hydrogen 
123 Group 13 elements - gencral characteristics 
124  Boron 


125 Compounds of boron - borax, boric acid 

126 Group 14 elements - general characteristics 

127 Carbon 

128 Silicon 

129 Silica, silicones and silicates - glass, 

1210 Group 15 elements- general characteristics 

12.11 . Nitrogen 

12.12 Compounds of nitrogen - ammonia, oxides of nitrogen, nitric acid 

1213 Phosphorus 

12.14 Compounds of phosphorus - oxides, oxyacids 

1215 Fenilizers 

LEARNING OBJECTIVES 
At the completion of this unit, you should bc able to : 

1. Differentiate between metals and non-metals with reference to their physical and 
chemical characteristics. 

2 Characterize the non-metals on the basis of their chemical properties, ¢.g., reaction 


with acids, etc. I 
S Discuss and appreciate the unique position of hydrogen in the periodic table. 
4. Understand the concept of allotropy seen among various non-metals. - 
5. Give reasons for the inert nature of noble gases and extremely reactive behaviour of 


halogens lying close to them. T 
6 Cite the principal source of various non-metals and the common methods of their isola- 
tion. 
7. Explain the atomicity of various non-metals. “DE 
8 Compare the variation in properties seen among the elements of the same periodic 


group. 

9. Describe the general degree of reactivity of the elements of each periodic group. 

10. Prepare the gases listed in the unit and study their important properties. 

11. ^ Understand the nature of bonding in compounds described in this unit and their chemi- 
cal behaviour. 

12 Explain the acceptor behaviour of some of the compounds of boron. 

13. Describe the special features of boron, boric acid, silicates, condensed posphates, etc. 
and their chemistry. 
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14. Justify the similarity observed in the reactions of boron and silicon. 

15. Justify the statement, “the first element in a group is always different from the other 
members of the group” by taking the examples of carbon and silicon; nitrogen and phos- 
phorus. 

16. Comment on the importance of bonds -Si-O-Si-; P-O-P-, and -P-P- come across while 
studying the chemistry of silicon and phosphorus. 

17. Describe the nature of glass, types of glasses, and some methods of preparation. 

18. Describe some of the chemical fertilizers. 

19. Give reasons for the inertness of nitrogen. 

20. Suggest an experiment to show the solubility of МН, 

21. . Explain the principle involved in the manufacture of NH, gas by Haber's process and 
nitric acid by Ostwald's process. 

22. Describe and demonstrate the reaction of nitric acid on metals and non-metals. 

23. Demonstrate the brown-ring test for detecting NO; "' ion. 

24. Comment on the various oxidation states of nitrogen and phosphorus in their com: 
pounds. 


12.1 INTRODUCTION 

Elements, based upon their physical and chemical characteristics 
and nature of their componds, are divided into three groups : metals, 
non-metals and metalloids. You have learnt in Unit 5 about the basis pro- 
vided by electronic structure for classifying elements into various 
blocks, groups or families. 

With the exception of hydrogen, non-metals are located in the 
upper right hand region of the periodic table. They have their own 
characteristic properties and show chemical diversity in their chemical 
reactions. They include both inert non-metals, e.g., He, Ne, Kr, Xe and 
extremely reactive non-metals like F, Cl, Br, I. In between these two 
extremes, we have non-metals of intermediate reactivities, e.g. N,.P, 0 
and S. Hydrogen belongs to group 1. It is one of the members of s-block 
elements. i 

Most of the elements are metals (80%) and are contained in all 
periodic groups (except in group 18). Metallic elements are located be- 
low and to the left of the step-wise division in the p-block of the periodic 
table. Some. of the elements bordering this line, such as germanium, 
arsenic and antimony, have similarities to both metals and non-metals and 
it is difficult to place these, with certainty, in one class or the other. 
These elements are known as metalloids. The exact location of this line 
depends upon the particular criterion used, e.g., electrical conductivity, 
acid-base character of their group oxides, etc. 

The general properties that distinguish between metals and non- 
metals are summarized in Tables 12.1 and 12.2. 

The position of metals, non-metals and metalloids is shown below 


in the periodic table (Fig. 12.1). Hydro i i ition i 
the periodic table, ). Hydrogen occupies a unique position in 
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TABLE 12.1 Physical properties of metals and non-metals 


Metals Non-metals 
a MÀ 
1. High electrical conductivity Hardly conduct electricity (graphite, an allotrope of 

carbon is an excellent conductor of electricity) 
2 High thermal conductivity Good heat insulators 
4. High density Low density 
4. Possess lustre Do not possess any metallic lustre (iodine has shining 
crystals) 
5. Generally solids (mercury Solids (C, S, Se, P, I) ; Liquids (Br) ; 
is liquid) Gases (O, N, F, Cl) 
6 Ductile (can be drawn into Non-ductile 
wire) 
7. Malleable (can be hammered Brittle in solid state 
into sheets) 
& Solid state characterized by Covalently bonded molecules; inert 
metallic bonding gases are monoatomic 


am 


TABLE 12.2 Chemical properties of metals and non-metals 
ЕЗШ a ee ARR 


Metals Non-metals 
(except hydrogen and noble gases) 


1. Valence shell contains a few Valence shell contains four or more electrons 
electrons; usually three or four 

2  Electropositive Highly Electronegative 

3. Reducing agents Oxidizing agents 

4. . Form cations by losing electrons Form anions by gaining electrons 

5. Form basic oxides which on Form acidic oxides which on hydrolysis 
hydrolysis give hydroxides give acids 


aS eee i шшш SEES STE 


Most of the non-metals constitute p-block elements. The valence 
shell electron configuration is ns? np* where x varies from 1 to 6 and n 
from 2 to 6. There are thirty one p-block elements, six of which are 
radioactive. In this unit, we shall take up for study the chemistry of 
hydrogen, boron, carbon, silicon, nitrogen and phosphorus. Although 
boron belongs to group 13 of the periodic table, many of its chemical 
characteristics are closer to those of its neighbours, carbon and silicon. 
Carbon occupies a place in the periodic table just next to boron in the 
same period and silicon is located diagonally across in the next group. 
This type of diagonal relationships in chemical properties is also seen in 
the other elements of second and third periods e.g., between carbon 
and phosphorus. There is a distinct difference in properties between 
carbon and silicon; and nitrogen and phosphorus. Silicon and phospho- 
rus belong to the family of 3rd period. The main structural trend for the 
elements (from Ма ———> Ar) and typical compounds is from ionic solids 
early in the periods, through. covalent and often polymeric solids 
around group 14 to liquid and gaseous covalent compounds later in the 
period. Inspite the wide range of elements involved, it is very much 


535 


EN 


Li 


BRIDGING NON-METALS 
ELEMENTS 


BETWEEN 
ELECTROPOSITIVE 
ANDELECTRONEGATIVE 
ELEMENTS (METALLOIDS) 


PARTIAL SHADING OF Ga Sn As AND Te EXHIBITS SOME PERCENTAGE OF 
METALLOIDIC BEHAVIOUR · А 

Fig. 12.1 Position of metals, non-metals and metalloids in the Periodic table. 
possible to make a number of useful generalizations concerning trends 
in the properties of 2nd and 3rd period elements. The trends in size (co- 
valent radius) follow the normal decrease across the table, and the vari- 
ation of the first ionization potential (Fig. 12.2) closely follows the vari- 


ation in atomic size. The trends in reactivity and oxidizing power is in 


ments) are portrayed in Fig. 12.3. 
These non-metals and th 
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Fig. 12.2 A comparative view of the Ist ionization energies. The Ist 
ionization energy of hydrogen is very high. It parallels the value seen 
in the case of halogens. 


12.2 HYDROGEN 

Hydrogen was discovered in 1776 by Henry Cavendish by the 
action of dilute sulphuric acid on iron. He investigated its properties and 
showed that water is the only product when hydrogen burns in air. It 
was because of this reaction that the ‘inflammable air’ as called by Cav- 
endish was named hydrogen (Greek, hydrogenon meaning water for- 
mer) by Lavoisier. 

Hydrogen is the first element in the periodic table. It is the lightest 
element. An atom of hydrogen has one proton and one electron. 

Generally, the chemistry of hydrogen can be explained on the 
basis of its tendency to acquire the electronic configuration of the noble 
gas, helium either by gaining an electron, e.g., hydride ion, H; or by 
sharing its electorn in Н, molecule, H — H; or by accepting and sharing 
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COVALENT RADIUS 
VAN DER WAALS 
RADIUS 


_ METALLIC 


CHARACTER 


ELECTRONEGATIVITY 

FIRST IONIZATION POTENTIAL 
(FALLS BETWEEN GROUP V AND VI) 
REACTIVITY 


OXIDIZING POWER 


p p р p pe 


ELECTRONEGATIVITY 


HEAT OF ATOMIZATION 
(EXCEPT М„ О, F,) 


FIRST IONIZATION 
POTENTIAL 


REACTIVITY 
OXIDIZING POWER 


COVALENT RADIUS 

VAN DER WAALS RADIUS 

HEAT OF ATOMIZATION (UP TO GROUP IV) 
METALIC CHARACTER 


INERT GASES (ONLY VAN DER WAALS RADII AND I.P. APPLY) 


NN RADIOACTIVE ELEMENTS 


Fig. 1? 3. Trends in some properties of the block elements. 


a lone-pair of electrons, e.g. by a proton from H,O or NH, to form hy- 
dronium ion, H,O*, or ammonium ion NH,* respectively. 
12.2.1 Position of Hydrogen in the Periodic Table 

Hydrogen occupies a unique position in the periodic table. 

Hydrogen, being the first element has the simplest atomic struc- 
ture amongst all the elements. It has a nucleus with single positive 
charge and one electron in the orbit. 

In its properties, it behaves like alkali metals (group 1) as well as 
like halogens (group 17). Hydrogen, thus, finds its assignment both with 
alkali metals and halogens. It can lose its only electron to form H* ion, 
and thus, it resembles alkali metals (M) which yield M* ions. It can also 
form H ion by gaining one electron similar to halogens (X) forming X 
ions. In its atomicity, it also resembles halogens (both halogens and 
hydrogen exist in diatomic form). 

Hydrogen can also form a single covalent bond with other atoms 
like C, Si, etc. Therefore, hydrogen can be considered as non-metal in 
respect of some of its properties. Although hydrogen shows similarities 
in its chemical properties to both alkali metals and halogens, it differs in 
many ways. 

Hydrogen resembles the alkali metals in its ability to form hy- 
drated positive ion, H,O*. But hydrogen does not lose its electron easily 
as alkali metals do. The ionization energy of hydrogen is very high. 
(1312 kJ mol 7). In this respect, it resembles halogens (Fig. 12.2) and form 
numerous covalent compounds. The simplest of these covalent com- 
pounds is the diatomic H, molecule itself. We call this molecule as dihy- 
drogen to distinguish it from the elemental hydrogen. 

12.2.2 Occurrence 

Over 90% of all matter in the universe contain hydrogen. Hydro- 
gen because of its reactivity is rarely found in the free state on the 
earth, though it is present in the Sun and in intersteller space (in isolated 
form, H(g)). The giant planets Jupiter and Saturn consist mostly of 
hydrogen, Almost half the mass of the Sun and the stars is accounted for 
by hydrogen. It is probable that the other elements are built up from hy- 
drogen by nuclear fusion process in the stars. Being light, it tends to 
collect in the outer atmosphere, or escape from the atmosphere alto- 
gether. On the earth hydrogen occurs in the combined form. Only 0.9% 
by mass of the earth is combined hydrogen and is the 9th element in 
order of abundance. On the earth most of the hydrogen is present in 
water, i.e.,11 percent by mass of hydrogen. Hydrogen is present in all 
acids and bases. It is a constituent of carbohydrates, proteins, fats and 
oils. Most of the fuels such as wood, coal, coke, cooking gas, petrol, etc. 
also contain hydrogen as a major constituent. 

The source of the Sun's energy, which is vital for life on the earth 
is probably the fusion of hydrogen nuclei to form helium. 
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12.2.3 Isotopes of Hydrogen 

There are two stable naturally occurring isotopes of hydrogen, 
Н (proton) and 7H CD deuterium). The isotopes ІН (or 3T, tritium) is 
radioactive and hardly occurs naturally. Their natural abundances are 
in the ratio 1 : 1.56 X 10? : 1 X 10". Because isotopes of an element have 
the same clectronic structures, their chemical behaviour is alike. But 
because of their different masses (number of neutrons differ) they show 
different physical properties. 

Hydrogen is usually more reactive than deuterium (heavy hydro- 
gen). Sometimes the rate at which hydrogen and its compounds react 
differ by a factor of ten. During the electrolysis of water, deuterium ions 
are discharged more slowly than hydrogen ions. As the electrolysis pro- 
ceeds, the water becomes richer in deuterium. Pure D,O, heavey water 
is eventually obtained as a residue. Electrolytic method is also used on a 
commercial scale. Heavy water is produced commercially in our country 
in Baroda (Gujrat), Kota (Rajasthan), Tuticorn (Tamil Nadu) and Thal 


(Maharashtra). The physical Properties of H,O and D,O differ from 
each other (Table 12.3). 


TABLE 123 Properties of H,O, D,O and Т,О 


Properties HO D,O T,O 
Molecular mass 18.015 20.028 22.032 
Melting point (к) 2732 277.01 277.68 
Boiling point (К) 3732 374.62 37471 
Maximum density (g/cm?) 1.00 (277.18K) 1,1059(284.43K) 1.2150(286.6K) 
Density at 298K (g/cm?) 0.997 1.1044 1.2138 
Heat of formation, —285.85 -2946 - 
AH (kJ mol) 
Heat of vapourization 40.66 4161 = 
AH y a 3732K (J mol) 
АН ы (kJ mol) 6.01 628 - 
AH (ат) 5627 6033 iz 
lonization constant 1.008 X 107“ Б ms г26 
[HM OIF] P E) 1.95 X10? 6X10 
Dielectric constant 7839 78.06 


Tritium is obtained by bombarding deuterium compounds with deutrons. 
1 OSI e T 


j . ` 1 t ! H | 
Ttis also Prepared by the irradiation of lithium with slow neutrons in a 
reaction : 
А 1 3 

di + 4 ——> Н + sie 

i decays by 8-particle 

Н — — SH 4 Se (8) 

. Recently two more isotopes (4H and 

reported. They are artificial isotopes with 


*H) of hydrogen have been 
short half-lives. They decay 


as give below : з 
1H o—— ad {H——> tHe + Se 
Heavy water is used as a coolant and moderator in nuclear reac- 


P,O, +3D,0 ———> 2р,РО, 
(Deuterated acid) 
Mg,N* + ЗТ,О — ——* 2NT, + 3MgO 
(Tritiated ammonia) 
Some physical properties for H,, D, and T, are given in Table 12.4. 


TABLE 12.4 Comparision of the physical properties of H, D, and T, 


Property н, р, T, 

Molecular mass 2016 403 601 
Melting point (К) 1196 1473 2062 
Boiling point (К) 235» 267 2504 
АН, (то) 0117 0197 0250 
АН. (id mot) 0904 1226 133 
Bond energy (kJ mot) at 298.2K 433.00 44335 469 
Internuclear distance (pm) к] м LI 


Apart from the above listed properties their vapour pressures also 
differ to a large extent. H, and D, differ in two chemical properties from 
each other : (i) Dihydrogen is more rapidly absorbed than deuterium 
and, (ii) with halogens, dihydrogen reacts faster than deuterium due to 
lower energy of activation for dihydrogen than deuterium. 

12.2.4 Atomic and Physical Properties of Hydrogen i 

Despite its very simple electronic structure (1s!) hydrogen exists 
in over forty forms. Most of these states have been well characterized, 
They include in the first instance, atomic, molecular, and ionized species 
in the gas phase, Н, Н, H*, H H; , Hj ; in the second instance, from the 
existence of three isotopes 'H, 7H, (D) and 1H (T) and corresponding of 
D, D,, HD, DT, etc; and finally from the existence of nuclear spin iso- 


mers of Н„ D,, etc. 
Dihydrogen molecule is a very stable, colourless, odourless gas 


gen are given in Table 12.5. 
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TABLE 12.5 Atomic and molecular properties of hydrogen 


Atomic properties Molecular properties 
Atomic radius (pm) 37 Melting point (K) 13.96 
Tonic radius Н (pm) 210 Boiling point (K) 20.39 
Electron affinity (kJ mol!) B Density (g/cm?) 0,0899 
Ionization energy (kJ mol!) 1312 Internuclear distance (pm) 74 
Electronegativity 2:1 Bond energy (kJ mol) 433.00 


12.2.5 Preparation of Dihydrogen 
1. Action of water or dilute mineral acids on metals produce dihydro- 
gen. Metal displaces hydrogen from water or acids. 
2Na(s) + 2Н,0(1) 2NaOH (aq) + H,(g) 
Zn(s) + H,SO,(aq) ——————> ZnSO, (aq) + Н XB) 

All metals above hydrogen in the electrochemical series (Unit 10) 
displace dihydrogen from acids. Dihydrogen is prepared in the labora- 
tory by the action of dilute H,SO, or НСІ on grannulated zinc. The gas 
is collected by the downward displacement of water. The apparatus em- 
ployed is portrayed in Fig 12.4 

DILIHCI To remove any trace 
of acid the gas is 
bubbled through 
KOH solution. Dihy- 
drogen can be dried 

- by passing through 
concentrated sulphu- 
ric acid or phospho- 
rus pentoxide. 
2. Pure dihydrogen 
is produced by the 
electrolysis of acidi- 

Fig. 12.4 Laboratory preparation of dihydrogen, fied water. This 
- ў method is, however, 

quite expensive. It is also a byproduct of commercial preparation of 

chlorine and sodium hydroxide by electrolysis of brine (sodium chloride 

solution). 

3. Dihydrogen is also manufactured from water gas (Bosch’s proc- 


ess), steam is passed through hot coke, the mixture of gaseous products 
is known as water gas, 


Cs) « HO () EX Co (9 +H, @ 


(Water gas) 
m, over a heated iron (Ш) 
carbon monoxide then reacts 


Water gas is then passed, with excess stea 
oxide or cobalt oxide catalyst at 673K. The 
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with the steam to form more of ainyarogen. 


H,O (g) + CO (g) + Н, (g) CO, (g) + 2H, (g) 
Carbon dioxide is removed by bubbling gases through hot K,CO, solu- 
tion under pressure or by passing over lime. 
K,CO,(aq) + CO,(g) + H,O + H,(g) ——> 2KHCO, (aq) + H.(g) 
CaO(s) + CO,(g) + H,(g) ———* СаСО,($) + H,(g) 
This method is now not much in use. Now coke has been replaced by 
methane or naphtha (alkanes containing four to ten atoms of carbon). A 
mixture of steam and hydrocarbons is passed over a nickel catalyst. 


1170K 
С.Н, + nH,O ———> n CO + Qn + 1) Н, 


nCO+nH,O —“—> nCO,+nH, 
1373K 
CH,(g) + 29,000) ——————* CO{g) + 4H.(g) 
Carbon dioxide can be removed by cither of the above methods. 
Hydrocarbons are cracked at high temperature and during crack- 
ing we get dihydrogen as a by-product. Methods of preparation and 
manufacture for dihydrogen gas are summarized in Fig. 12.5. 


њо 

Ма 

Mg H,SO, or НСІ 
Steam, (Dilute \ 

orp, Mg/AV/Zn 
57, 
У c; 
м2 А 
a 
NaOH 20 
CO+H (WATER GAS) 


Fig. 12.5 Methods of preparation and manufacture of dihydrogen gas 
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12.2.6 Properties and Reactions of Dihydrogen 

Dihydrogen is a colourless, odourless and tasteless gas which is 
almost insoluble in water and is liquefied only with great difficulty. It is 
the lightest known gas. 

Dihydrogen does not show any reaction with litmus, and hence, it 
is neither acidic nor basic. 

Dihydrogen burns in air (or oxygen) with a blue flame (highly in- 
flammable) producing water (Fig. 12.6). The reaction is accompanied 
with the evolution of large amount of heat. 

2H,(g) + O,(g) ———> 2Н,О() + Heat 

Dihydrogen does not Support burning. 

1. а. non-metals WATER WATER 
reacts with almost all 
the elements (except 
noble gases) under 
different conditions, 
Because of its high 
bond dissociation 
energy (433 kJ mol) 
dihydrogen is not 
very reactive. At 


high temperatures or 5 
in the presence of - 6 
catalysts, it reacts 


with many non-metals 


forming covalent hy- Fig. 12.6 Burning of dihydrogen in air forming water 
drides. It combines with chlorine in the bright sunlight or when its burn- 
ing flame comes in the contact of chlorine 


HYDROGEN 
-— 


Hj) + CL(g) —h onc 
Bromine and iodi i 


sulphide, 


H,(g) + S) ——— > H, S(g) 
2. Reaction With metals 


Dihydrogen reac 
eh 


Ca(s) + Hyg) ———_s Сан, (5) 
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ES 


Dihydrogen acts as a reducing agent. It reduces metal oxides (ox- 
ides of metals present below hydrogen in the electrochemical Series) to 


CuO(s) + H,(g) ———> Cu(s) + H,O(g) 
PbO(s) + H,(g) ———> Pb(s) + HjO(g) 
Fe,0,(s) + 3H,(s) ——> 2Fe(s) + 3H,O(g) 
As few typical reactions of dihydrogen are portrayed in Fig. 12.7. 


HABER’S PROCESS 
No, 500 atm 
723K, Fe CATALYST 


X-F, Cl Br En 
H;*F, Cl, Light Tonic hydride 


Н,+Вр, t 


HF catalyst 3 
Fig. 12.7 Some typical reactions of dihydrogen. 


12.2.7 Uses of Dihydrogen dos 
l — Dihydrogen was used earlier in filling balloons and airships. How- 
ever, on account of its highly inflammable nature, it has now been re- 
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placed by helium. It 1s still used in meteorological and cosmic research 
balloons because of its extremely low density. 
2 И is used in the manufacture of ammonia (by Haber's process) 
which is the basis of many fertilizers. Fertilizers are used extensively to 
yield better crops. 

The major bulk of commercially produced dihydrogen is used in 
producing hydrochloric acid, explosives, plastics and a large number of 
organic chemicals. (Fig. 12.8) 


NITRIC ACID 
AMMONIUM SALTS 


EXPLOSIVES 
FERTILIZERS 


ZnO + Cro, 
723 K. 200 (atm) 


METHYL CHLORIDE 


SILICONES 
PLASTICS 


METHYL ALCOHOL 
‘FORMALDEHYDE 


Fig. 12. 8 Flow chart illustrating the uses of dihydrogen 
3. It is used in the manufacture of vanaspati ghee. This process is 


called hydrogenation or hardening of oils. The hydrogenated products 
have superior keeping qualities. 


Vegetable oil SK. Vanaspati ghee 
4. Dihydrogen is used in the manufa 
hydrogenation of powdered coal or cok 
ture and under very high pressure. 
5. Тһе high heat of combustion of hydrogen makes it valuable as a 
fuel. It is used as a fuel mixed with other gases in coal gas and water gas. 
Liquid dihydrogen has been used as a rocket fuel in fuel cells 
by generating electrical energy; such fuel cells have been used ir 
manned ‘space-crafts (Gemini, Saturn and Apollo) by reaction of dihy 
drogen and dioxygen without generating any heat. The electrode reac- 


cture of petrol. This is done by 
€ at a moderately high tempera: 


tions are : 
anode:2H, ——— —À» 4+ + 4e- 
cathode : О, + 4H* + 4e- 


For proper use of the reac 
lyst is used. In addition to elec 


See) ОНО 
tion to proceed at a useful rate a cata- 
trical power, the fuel cell also produces 
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pure drinking water for astronauts. Liquid hydrogen is likely to be de- 
veloped as fuel for motor vehicles in future. 
6  Oxy-hydrogen flames which have a temperature of about 2273K 
are used for welding and cutting metals. The flames are also used for 
fusing alumina to produce rubies and sapphires used as bearings Gew- 
els) in watches. 

2H,(g) + O,(g) —> 2H,0(g) + enormous heat 
7. Itis used asa reducing agent in certain metallurgical operations to 
reduce oxides to metals (e.g., Mo, W) and to produce a reducing atmos- 
phere. Its use in direct reduction of iron Ores in steel manufacturing is 
being tried. 


HYDROGEN - A FUTURE FUEL 

Apollo 11 attached to its rocket (Saturn V), that made the landing 
of Neil Armstrong possible on the moon and used in the - USA space 
programme were powered by liquid dihydrogen. 

Dihydrogen gas has been proved to be a potential fuel for use in 
internal combustion engines and fuel cells. 

However, the lack of availability of free dihydrogen limits its use. 
Being of highly inflammable nature, it is difficult to store and distribute 
safely. The technology already exists for producing dihydrogen electri- 
cally from water but a lot of energy has to be used. Non-electrolytic 
sources of dihydrogen have also been investigated. The problem which 
the scientists world over are facing is how to transfer the correct amount 
of free energy to a water molecule in order to decompose it. In the last 
few years thousands of such thermochemical water splitting cycles have 
been identified. One potentially useful sequence is 


1023K 
CaBr, + H,O EUR CaO + 2H Br 


Hg * 2HBr BIS IE, LU Hg Br, + H, 


Hg Br, + СаО SE. e HgO + Ca Br, 
Hgo BR. qu ipo, 

The stage is thus set, and further work to estabush safe and eco- 
nomically viable sources of dihydrogen for domestic and other general 
energy use seems destined to grow as a potential field of research for 
Some while. : 

12.3 GROUP 13 ELEMENTS GENERAL CHARACTERIS- 

TICS 

Group 13 of the periodic table contains boron, aluminium, gallium, 
indium and thallium. In keeping with the periodic trend, the group 13 
elements are less metallic than those of the first s-block elements. Within 
the group, there is a great variation in basicity. Boron the smallest atom 
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in this group, is non-metallic. The other elements in the group are 
metals and have a greater tendency to form ionic rather than covalent 
compounds. This is the first group in which change from non-metallic 
towards the metallic condition occurs. 

As seen with s-block elements, boron behaves differently from 
the other members of the group. This difference in properties has been 
attributed to the difference in size and electronegativity of first and 
second members of the groups being much larger than that between 
any other successive group elements. Their valence shell electron 
structure is ns* пр! and generally form compounds with +3 oxidation 
state. Boron form compounds with -3 and +3 oxidation states. The 
electronic configuration has a strong influence оп the properties of 


these elements. Some properties of boron and aluminium are listed in 
Table 12.6. 


TABLE 12.6 Some properties of boron and aluminium 


Property B Al 
Covalent radium (pm) 82 125 
Ionic radius, M*, (pm) 20 50 
Ionization potential (kJ mol) Ist 800 577 

IInd 2427 1816 

Ша 3658 2745 
Electronegativity 2.0 1.45 
Electron affinity (kJ mol7*) 15 26 
Oxidation state -3,43 *3 
Physical state solid solid 
Density at 298K (g/cm?) 2.34 2.70 
Melting point (K) 2573 933 
Boiling point (K) 2823 2600 
12.4 BORON 


Boron is the first member of group 13 of the periodic table and 
is the only non-metal of this group, though still showing slight indica- 
tions of a metallic influence. It has three valence electrons in the 
valence shell, Boron has a fairly high electronegativity value and 
shows largely non-metallic characteristics, 
M Because of its low electronegativity and high ionization poten- 
tial it does not form simple negative ions. Boron forms a variety of 
covalent molecular compounds, a property common to carbon and sili- 
con. In many respects, the chemistry of boron is similar to that of 
silicon (Table 12.7). This type of similarlity is termed diagonal rela- 
eae Boron, in its compounds, has less number of electrons than 
NEF Коң possible number, i.e., a total of four electron pairs (2s, 
р). such compounds are called electron deficient compounds. It 


tends to achieve clectronic saturation, i.e., fully Occupied outer elec- 
tron shells in a variety of ways, viz, 


548 


(i) Multiple bonding, e.g., BF,, in which a lone pair of electrons on 
each fluorine atom may be used in a B «—— F dative bond in- 
volving the vacant p orbital on the boron atom. 

(ii) Formation of complexes in which electrons are received from a 
donor molecule, e.g., F,B *— — —NH,. Boron compounds, 
thus behave as Lewis acids. 

Boron is not a common element but it is widely distributed in 
nature. The most widely known compound of boron is borax, the 
name being derived from an Arabic word given to fluxes in general. 
Boron was first isolated in 1808 by Gay-Lussac and Thenard by the 
reduction of B.O, with potassium. 

12.41 Occurrence and Isolation 
Boron is relatively a rare element constituting about 0.001% of 

the earth’s crust. It owes its rarity to the ease with which it undergoes 

transmutation. Boron does not occur free in nature. The principal ores 
are borates, e.g., borax or tinacal (Na,B,O,. 10H,O) and kernite or 
rasorite (Na,B,O,.4H,O). Other less important sources are the form of 
complex borates, e.g., colemanite (Ca,B,O,,. 5H,O), ulexite or 
boronatrocalcite (CaB,O,. NaBO,. 8H,O) and boracite QMg,B,O,.. 

MgCl). 

Commercial viable deposits of borates are found in California 
(U.S.A.), USSR, South America and Turkey. In India boron is found 
in Pugga valley (Eastern Kashmir) Ladakh and Sambhar Lake (Rajast- 
han). The most important and abundant boron mineral is ‘tourmaline’, 
a complex aluminosilicate containing about 10% of boron. 

The metalurgical operation of boron from minerals involves two 
Steps : 

1. The preparation of boron trioxide, and 

2. The reduction of the oxide to elemental boron 
It is quite difficult to prepare pure boron because of its high 

т.р., the corrosive nature of the liquid and the ease with which it 

combines with the reducing agent employed. 

Boron may be obtained in two forms, amorphous and crystal- 
line. An impure amorphous boron can be obtained as follows : 

Sparingly soluble boric acid, produced on treating borax with 
НСІ, gives B,O, on heating. 

Na, B,O, + 2HCI + 5H,0 — ——» 2NaCI + 4H,BO, 
Boric acid 


H,BO, -Heat „в 0, + 3H,0 | | 
Boron trioxide, in turn, оп heating with magnesium powder is reduced 
to boron metal. 

В,О, + 3 Mg ———> 2B + 3MgO 
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After cooling, the product is washed successively with strong base, 
НСІ and HF to remove unreacted substances and the product MgO. 
Finally the product is washed with hot water and dried in steam oven, 
when the amorphous form is obtained as a brown powder. The product 
so obtained contains microcrystalline boron (95.98% pure) and metal 
borides. 
Crystalline form of boron can be obtained by. the following 
methods : 
(1) By pyrolysis of ВІ, on tantalum, tungsten or boron nitride sur- 
faces at 1073-1273K. 
(2) By reduction of volatile ВСІ, and BBr, with Н, at 1273K on a 
tantalum or tungsten filament. 
(3) 2ВВг,+3Н, — — ——7 2B + 6HBr 
(4) By thermal decomposition of boron hydrides. 
(5) By the electrolytic reduction of fused mass of borates or other 
boron compounds (e.g., KBF,) at 1000K or above. 
12.4.2. Properties and Chemical Reactions of Boron 
Natural boron consists of two isotopes, В (19.6%) andB 
(80.4%). A variety of forms of elemental boron exists. X-ray diffrac- 
tion methods have revealed the structures of one tetragonal and two 
thombohedral forms. All these forms are based on icasohedral B,, 
units (Fig. 12.9), linked together in several different ways. 
Crystalline boron is ex- 
tremely inert chemically. It has me- 


ved tallic luster. It behaves like a semi- 
conductor. It is very hard being 

only second to diamond in hardness 

° = BORON with a melting point 2573K (Table 


12.6). The chemical reactivity of 
boron depends greately upon 
whether the impure amorphous or 
the crystalline form is involved. 
Fig. 12.9 Icasohedral arrangement Boiling HCl or WR fi ened on 
of boron atoms pure boron, and it is only slowly 
oxidized by hot concentrated HNO,, HCIO, or H,SO, yielding boric 
acid. Boron reacts vigorously with fused alkalis, Na @ or Na,CO, + 
KNO, (fusion mixture) at high temperatures to give borates and hydro- 
gen. 

Amorphous boron is a reactive substance which burns readily 
when heated in air, forming oxide and nitride. Further this form of 
boron is also oxidized by H,SO, or HNO, forming boric acid. Amor- 


phous boron dissolves slowly in hot concentrated aqueous alkalis 
while crystalline form remains unattacked. 
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Boron reacts with many metals to give hard and inert binary 
compounds called metallic borides. Usually they are interstitial com- 
pounds. Some of the typical reactions of boron and methods of its 
isolation arc illustrated through Fig. 12.10. 

12.4.3 Uses of Boron 

Because of the very high ability of boron-10 isotope to absorb 
neutrons, metal borides are used in nuclear industry as protective 
shields and control rods. Boron filaments are used in electric bulbs. It 
is also used in some metallurgical processes as a deoxidizer. The bo- 
ron filament is one of the constituents of the composite material for 
aircraft and space shuttles. Traces of the metal are used in hardening 
steels. It also finds use in making transistors. 

12.5 COMPOUNDS OF BORON 
12.5.1 Hydrides of Boron 

Boron forms a series of the volatile hydrides which resemble, in 
some respects, the hydrides of carbon and silicon. In view of its tri- 
valency, it is expected to form a simple hydride BH,. However, the 

во Simplest known 

and stable hydride 

i is diborane, B„H 

Р Ma BO, + зн, (BH, is very un- 

stable). Boron 

does not react di- 

rectly with hydro- 

X, gen. The boron 

з hydrides are 

ОТ | aoraetitaes called 

boranes by anal- 

BN ogy with the al- 

kanes (hydrocar- 
bons). 

] Diborane is 

B,0, made by treating 

sodium — borohy- 

Fig. 12.10 Some reactions of elemental boron and dride, NaBH, 

a method for its isolation with concentrated 

H,SO, and other non-aqueous acids (H,PO,). Generally NaBH, is ob- 

tained from trimethyl borate and sodium hydride, i.e.. 


4H^« B (OMe), 223K. ВНг+ 30Me- 
2NaBH, + H,SÓ, ——> Na,SO, + BH, Re) 
Biborane can also be obtained by action of hydrogen on boric oxide. 


Al or 
B,O, + 6H, га? В,Н, + ЗН,О 
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Pyrolysis of diborane is the source of other higher hydrides. 
Diborane is a colourless gas. 

Since boron has one electron less than carbon, diborane cannot 
be structurally identical with ethane, C,H, because it is electron defi- 
cient. The electron deficiency is overcome by the formation of three 
centre bonds. 

Diborane has been 

found to possess a bridge 
structure (Fig. 12.11) in 
which each B. atom is 
bonded to two H atoms 
(called terminal H atoms) 
by regular electron-pair 
bonds. The resulting BH, 
fragments are bridged by 
two H atoms (evidenced by 
electron diffraction and 
Raman and infrared spec- 
troscopy). The bridge Н at- 
oms are in а plane 
perpendicular, i.e., one 
above and one below the 
plane to the rest of the 
molecule and prevent rota- 
tion between the two boron 
atoms. 
The nature of bonds in hy- 
drogen bridges is now well 
established. The two hydro- 
gen bridges involve a total 
of four electrons, one elec- 
tron from each hybrid bo- 
ron atom and one from each hydrogen atom. An sp? hybrid orbital 
from each boron atom overlaps the ls orbital of the hydrogen atom 
giving a delocalized orbital containing one pair of electrons but cover- 
ing all the three nuclei. This makes one of the bridges. This is known 
as three-centre electron pair bond, B-H-B. The molecule of diborane 
contains two such bonds. Due to repulsion between the two hydrogen 
nuclei, the delocalized orbitals or bridges are bent away from each 
other in the middle. This is why the hydrogen bridge. Orbital is shifted 
nibns in the middle. The other bridge orbital will be shifted down- 
wards. 


Some important reactions (also based on its electron deficient 
nature) are given in Fig. 12.12. 
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THREE-CENTRE MOLECULAR 
BOND 


(b) 
Fig. 12.11 (a) Bridge structure of 
diborane. (b) Three centred bonds in 
diborane. 


HIGHER 


H,B0, +H, HYDRIDES 


Fig. 12.12 Some reactions of diborane. 


12.5.2 Borax, Na,B,O,. 10H,O 

Borax is the most important compound amongst borates. It oc- 
curs naturally as such in certain dried up lakes of India (Kashmir 
Valley) Tibet and California (U.S.A.). 

Borax can also be obtained from certain minerals such as bo- 
racite, colemanite, boron atrocalcite, etc. The mineral colemanite is 
finely powdered and boiled with sodium carbonate solution. The insol- 
uble calcium carbonate is filtered off; the filtrate on concentration 
yields crystals of borax. 
2CaO. 3B,0, + 2Na,CO, — —» 2CaCO, + Na,B,O, + 2NaBO, 
4NaBO, + CO, ——» Na,B,0, + Na,CO, 

Its strucutre is based on planar BO, units and tetrahedral BO, 
units. For borax, although the formula is often written as Na;B,O,. 
10H,O, a better formulation for borax is Na, [B,O, (ОН). 8H,O (Fig 
12.13). 

Aqueous solution of borax is alkaline. On hydrolytic decomposi- 
tion, it produces sodium hydroxide and boric acid. 
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Fig. 12.13. Structure of the anion 
B O,(OI)7-0r Н.В 0,27 two boron atoms 
have trigonal planar, and two tetrahedral 
stereochemistry. 


Na,B,O, + 3H,O —> 
2NaBO, + 2H,BO, 
(Concentrated solution) 
NaBO, + 2H,O ——> 
NaOH + H,BO, 

(Dilute solution) 

It swells into a 
white mass on heating 
and loses water. On fur- 
ther heating it melts to 


form a_ transparent 
glassy solid called ‘bo: 
rax bead’. The borax 


bead further can dis- 
solve many metal ox- 
ides to form metabo- 


rates and which assumes characteristic colours. This forms the basis of 
‘borax bead test’ for the qualitative analysis of various cations. 


Heat’ 
Na;B,O,. 10H,O ———_> 
—10H,O 
NiO + B,O, —> Ni (BO,), 
) (Brown) 
MnO + B,O, —> Mn(BO)), 
(Pink) 
СиО + B,O, —> Cu(BO,), 
(Blae) 
CoO + B,0, —> Co(BO,), 
(Blue) 


Heat 


Na,B,O, ———> 2NaBO, + BO, 
(Glassy bead) 


Uses: Large quantities of borax are used in the manufacture of optical 
and hard glasses, enamels and glazes for pottery. It is an important in- 
gredient of a variety of detergents, soaps, water-softening compounds 
(use їп water softening and washing compounds depends upon the al- 
kaline character of its solutions and the insolubility of the borates of 
calcium and magnesium) adhesives, cosmetics and glazed paper. It is 
also used as an antiseptic in making medicinal soaps, in the preserva- 
tion of food, as a flux in soldering, in stiffening candle wicks, as well 
as in the manufacture of leather, paper and plastics. 

12.5.3 Boric Acid B(OH), 

! Orthoboric acid, usually called ‘boric acid’ (trivial name) is ob- 
tained on hydrating B,O,. It is prepared by the hydrolysis of various 
compounds such as halides, hydrides, esters, etc. 

ВСІ, + 3H,O —> Н,ВО, + 3HCI 
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Boric acid can also be processed from natural sources. Soffioni 
(steam jets of the volcanic vapour in Tuscany) on condensation and 
concentration yields boric acid. Aqueous solution of borax on treating 
with concentrated НСІ gives flaky crystals on cooling. 

Na,B,O, + 2HCI + 5H,O —> 2NaCI + 4H,BO, 

Colemanite is another rich source of boric acid. 

Ca,B,O,, + 280, + 9H,O —> 2CaSO, + 6H,BO, 

2CaSO, + 2Н,0 + 250, —> 2Ca(HSO,), 

Boric acid crystallizes out an cooling and calcium bisulphite 
remains into solution. 

Boric acid is a white crystalline solid, In dilute solutions, boric 
acid acts as a Lewis acid (OH acceptor) rather than as a proton donor: 

B(OH), + 2H,O —> B(OH), + H,O* (pK = 9.00) 

It gets polymerized in concentrated solution : 

3B(OH), ——> B,O, (OH,)“+ Н,О' + 2H,O 

It behaves as a weak monobasic acid : 

B(OH), —H,BO, —>H’ + H,BO;-—» H,O + BO,- 

Thus, on titration with NaOH, 

H,BO, + NaOH ——> NaBO, + 2H,O 

The end point is not sharp due to hydrolysis of NaBO,. On com- 
plexing the ВО; ion with polyhydroxy compound with cis-OH groups 
such as glycerol, mannitol or sugars, the acid strength is increased. 

Some reactions of boric acid are shown below : 

Fusion with 


etal oxides Бойз 
МН,НЕ, В,0, 
B(OH), NH,BF, mmm BF, 
leat 
Alcohols+H,SO, — B(OR), 


HBO, Heat 423K  H,BO, Redheat B,O, 


nam Metaboric acid Tetraboric Fuse 
acid Alcohols 
————- 
Heat 


B(OR), 


In the boric acid, each B atom is bonded to three oxygen atoms, 
arranged at the corners of an equilateral triangle. This can be predicted 


from hybridization of the available orbitals. did 
Thus, it assumes a layer structure of planar B(OH), units linked 
together by hydrogen bonding as shown in Fig. 12.14. | 
Uses : Aqueous solution of boric acid is commonly used as 
a mild antiseptic. Boric acid also finds use in the manufacture of heat 
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and chemical resistant borosilicate glass (e.g., pyrex) and certain opti- 
cal glasses. 
1s 2s 


BORON [th] [n] ERE] GROUND STATE 
[n] [1] QEL] EXCITED STATE 
————— 


sp? —HYBRIDIZED 
(a) 


Fig. 12.14 (a) Hybridization scheme of B atom. (b) Layer structure of 
orthobaric acid, hydrogen bonds are representedby dotted lines. 


12.6 xg 14 ELEMENTS - GENERAL CHARACTERIS- 

TIC 

Group 14 of the periodic table contains carbon, silicon, germa- 
nium, tin and lead. The elements range from non-metallic carbon, 
through semi-metallic silicon and germanium to the weakly electro- 
positive metals tin and lead. The properties of the elements (Unit 15) 
show the expected trends for a related family of elements in the peri- 
odic table. Their valence shell electron structure is ns? np?. Each ex- 
hibits a maximum oxidation state +4; these elements, especially heav- 
ier ones also show an oxidation state +2. The values of electronegativ- 
ity and ionization potential indicate that there must beaconsiderable 
degree of covalency ‘in the chemical bonding of these elements. 
Carbon behaves differently from the other members of the group. 
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12.7 CARBON 

Carbon, the most important element of group 14, plays a vital 
role in our existence. Its compounds are the stuff of life, the nutrients, 
the building blocks of plants and animal tissue, and regulate biochemi- 
cal reactions. Petroleum and petrochemicals, also the carbon com- 
pounds, are the primary fuels for our industries and the raw materials 
for plastics and synthetic fibers. 

Elemental carbon occurs as graphite and diamond, and large de- 
posits of carbon compounds occur as coal, petroleum natural gas and 
mineral carbonates. 

Many aspects of carbon have already been discussed in Unit 7. 
Some important properties of carbon and silicon along with that of 
boron are listed in Table 12.7 

TABLE 12.7 Properties of boron, carbon and silicon 


Property Boron Carbon Silicon 
Electronic structure [He], 28 ,2р! [He]2s?, 2р? [Ne] 3523р? 
Covalent radius (рт) 82 T 17 
Ionization potential (kJ mol) Ist 800 1086 786 

IInd 2427 2354 1573 

ШЧ 3658 4622 3232 

IVih счас 6223 4351 
Heat of vapourization 
А Н мр, (kJ mol“) 504.5 — 383 
Electronegativity 2.0 25 1.74 
Electron affinity (kJ mol) 15 123 135 
Oxidation state -3, +3 +4 +4 3 
Metal/non-metal properties Non-metal Non-metal га 
Density (g/cm?) (298K) 2.34 3.514 pre 
Melting point (K) 2573 4273 А; 
Boiling point (К) 2823 m 


Although carbon is unreactive at room temperature, it reacts 
with a number of substances on heating. On combining with dioxygen 
it forms both carbon monoxide and carbon dioxide. It reduces the 
oxides of the less reactive metals forming metal and carbon monoxide. 

Fe.O, + С——>2Ре+3СО s ‘ 
This reaction takes place in the blast furnance reduction of iron ore 
with coke. With oxides of more electropositive metals, carbon forms 
corresponding metal carbides. It also reacts with oxides of certain non- 
metals producing carbides. 

3773K 
SiO, + 3C —» SiC + ae 
borundum : 

Steam 18 то by carbon at high temperature. Water st 
produced from which dihydrogen gas is produced on a Lo 
scale. Concentrated sulphuric acid oxidizes carbon to carbon dio : ; 

C «2H, SO, ——* СО, + 250, + 2H,0 
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12.8 SILICON 

Silicon is a member of group 14 but there are notable differ- 
ences from carbon, on the one hand, and the heavier metals (Ge, Sn 
and Pb) of the group cn the other. Silicon ranges from such bulk 
commodities as concrete, clays, and ceramics, through more chemi- 
cally modified systems such as soluble silicates, glasses and glazes to 
the modern industries based on silicone polymers and solid state elec- 
tronic devices. The name of the element, silicon was proposed by 
Thomas Thomson in 1831, the ending ‘on’ being intended to show its 
similarities with carbon and boron (Table 12.7). Its compounds silica 
and silicates have been initmately associated with the evolution of 
mankind. 

Its outermost shell is four electrons short of the next inert gas 
configuration. It shows a covalency of four. In silicates, it shows - 4 
oxidation state. Silicon assumes a maximum coordination number of 
six (because of the use of 3rd orbital in its compounds and most char- 
acteristic number is four. Some physical properties of silicon are com- 
pared with that of boron and carbon in Table 12.7. 

Silicon is notably more volatile than carbon (Table 12.7) and has very 
low energy of vapourization, thus reflecting the smaller Si-Si bond 
energy amongst the elements of group 14. 

Bond energy data (Table 12.8) show that C - C bond is suonger 
than the bond between Si-Si. Carbon has a Strong tendency to link 
together to form chains and rings. This property of self linkage (cate- 
nation) is of an exceptional degree in carbon but exists to a relatively 
small degree in silicon also. Hydrides with chains of 10 silicon atoms 
have been made. Silicon forms much Stronger bonds with oxygen, 
fluorine and chlorine than with itself or hydrogen (Table 12.8). In 
contrast to the hydrocarbons, the silicon compounds with Si-Si or Si-H 
bonds are generally reactive, e.g., hydrides of silicon, silanes. 

Silicon has the diamond structure (Unit 6) but the Si-Si bonds 
are longer and weaker than the C-C bonds, and so the melting point 
and boiling point of silicon are lower than that of carbon (Table 12.7). 
Silicon has no allotropic form similar to graphite, This means silicon 
has a much smaller tendency to form multiple bonds than carbon. ` 
i rm dioxides but they differ in various re- 


spects. Carbon dioxide is gas whereas silicon dioxide is a high melting 


solid. 
(i) 51-0 is stronger than C-O, 


Gi) Much smaller tendency to form multiple bonds than carbon, and 
(11) Availability of 3d orbitals for bonding. 
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TABLE 12.8 Bond energies involving carbon and silicon 


Bond Energy(kJ) Bond Energy (kJ) 
ee 
с—с 347 5—5 226 

C—H 414 Si—Si 318 

c—O 360 Si—O 464 

C—F 389 Si—F 598 


12.8.1 Occurrence and Isolation of Silicon 

Silicon is second to oxygen in abundance (27.72% by mass) in 
the earth’s crust. It occurs as silica, SiO, (in the form of quartz, flint, 
opal, sand, agate, mica, etc.) and as silicates. Impure forms of silica 
include sand and sandstone. Important silicates are : felspar, KAISi,O, 
(found in igneous rocks); clay or kaolin, Al,Si,O,(OH),; and asbestos, 
Ca,Mg,Si,O,. , 

The great affinity of silicon for oxygen delayed its isolation as 
the free element until 1823 when J.J. Berzelius succeeded in reducing 
K,SiF, with molten potassium, There are two forms of silicon. 

1. Amorphous brown powder of elementary silicon may be ob- 
tained by high temperature reduction of silica with magnesium or alu- 
minium. 

П. (i) Crystalline silicon is obtained by high temperature reduction 
of potassium silicofluoride, K,SiF, with Al. 

3K,SiF, + 4А1 —2DK. 6xr44alF,+3Si | 
The excess of aluminium is removed with dilute НСІ which leaves 
silicon unreacted. 2 А 
(ii) Crystalline silicon is also made by the reduction of silica with 
high purity coke in an electric arc furnace; the SiO, is kept in excess 
to prevent the formation of SiC (a very hard abrasive and refractory 
material). 

SiO, + 2C —_—_+ Si + 2CO Y 
The reaction is frequently carried out in the presence of scrap iron 
(with low P and S content) to produce ferrosilicon alloys. 

(iii) Very pure form of crystalline silicon is produced by the reduc- 
tion of volatile SiCI, or а chlorosilane with exceedingly pure molten 
zinc, aluminium or magnesium at 1273K. 

SiCI, + Zn ——> Si + 2ZnCl, 

SiHCI, + Zn ——» Si + ZnCl, + НСІ A 
Thermal decomposition of SiH, also gives pure silicon. 


SiO, Heat Si Heat. 99, Dist. 5С, 
Coke + Cl, 3 : 
i Impurity eduction 
Impurit е 
і, with H, 
$i Zone refining - $i Heat SiH, 
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Highly pure silicon is used as the starting material for the manu- 
facture of semi-conductors for transistors, etc. 

Recently a one step process has been developed to produce high 
purity silicon for solar cells. In this process, Na,SiF, (a waste product 
of phosphate fertilizer industry) is reduced by metallic Na; the reac- 
tion is highly exothermic and is self sustaining without requiring any 
extra fuel. 

12.8.2 Properties of Silicon 

It exists in two forms - amorphous (brown) and crystalline (blue 
grey with metallic lustre) - which are not true allotropic forms. The 
amorphous form is more reactive. Both the forms have diamond lattice . 
(both differ in their particle size), but the silicon atoms are less closely 
packed than carbon. Its density, therefore, is only 2.4 g/cm? compared 
to 3.51 g/cm? for diamond. The pure metal is only poor electric con- 
ductor (semi-conductor) at room temperature, however, at increased 
temperature, the presence of crystal defects or impurities enhance the 
conduction significantly, 

Chemical Reactions : Most of the reactions given below only refer to 
the amorphous form, since the crystalline variety is comparatively in- 
ert, except at high temperatures. 

Halogens : Silicon reacts directly with halogens to produce tetrahal- 
ides. 

The reaction with F, is explosive at room temperature. Chlorine reacts 
at 573K and Br, and I, at 773K, 

Si+ 2X) ———> Six, (X-F,CI, Br, D 

Metals : Silicon reacts at very high temperature (2000-3000K) with 
active metals, e.g., Al, Mg, Ca, Zn, etc. producing silicides, which are 
analogous to carbides but more reactive. Silicon does not form binary 
compounds with Ge, Sn and Pb. 


351 + 4a1 Heat „'д| Si, 


Si + 2Mg Heal, Mg si 
Silicides can be produced more economically directly from readily 
available silica. 

3510, + ВА ——>2А1,0, + Al, Si, 
Acids : Silicon does not react with acids except a mixture of nitric 
acid (an oxidizing acid) and HF which dissolves the SiO, as it forms, 
to produce hexafluorosilicic acid, H,SiF,. 

‚ Si + 4[Н* + NO, ] + 6HF —> [2H' + SiF,-] + 4NO, + 4H,O 

Unlike carbon, silicon dissolves in alkali forming dihydrogen and sili- 


cate; with hot aqueous alkali silicon "gives orthosilicate and dihydro- 
gen. У 


Cold or hot water has no action on silicon, 
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Some typical reactions of silicon and its extraction methods are given in 


Pa SiCI, or SiHCI, Sio, 


2 


COKE 
six STRONG _ Na, SiF, 
HEAT 


4 
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М9,51< -= HEAT Ker / 
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pr 
“ee 
AAT yf 
Н, + SiO, А 
/2 
Y 
SiO,- + Н, 


Fig. 12.15 some typical reactions of xilicon and its extraction methods 


12.8.3 UsesofSilicon 

Silicon is used : (i) in the preparation of silicones, polymeric 
organosilicon compounds, (ii) to prepare components such as transistors, 
rectifiers, photocells and detectors because of its semi-conducting prop- 
erties, (iii) in the preparation of carborundum, SiC which is used as an 
abrasive, and (iv) for reducing metal oxides (MgO) and to remove 
manganese and dioxygen from steel. 

Ferrosilicon (Fe + Si) an alloy of silicon is used in the metallurgical 
industry to deoxidize steel, to manufacture acid and corrosion-resistant 
steel alloys. 

Aluminium alloys for aircraftare strengthened with silicon. Silicon 
forms several alloys like silicon bronze, manganese silicon bronze, etc. 
whichare very hard and have good tensile strength. 

12.9 SILICA AND SILICATES 
12.9.1 Silica 

Silica, SiO, exists in three crystalline forms which are stable at 
different temperatures. These are (i) quartz, (ii) tridymite, and (iii) 
cristobalite. Thermodynamically, quartz is the most stable form. Since 
their interconversionis very slow, all the three formsare found in nature. 

1143K 1743K 1983K 
Quartz === Tridymite === Cristobalite == Liquid SiO, 

All the forms of silica possess three dimensional structure based 
upon SiO, tetrahedra in which cach oxygen atom is common to two 
tetrahedra. In contrast, carbon dioxide is a discrete molecule with multiple 
bonds between carbon and oxygen. These silicon tends to form extended 
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-Si-O-Si-O-chains and networks in contrast to carbon whose catenation 
depends upon the versatility and strength of C-C bonds. Stable silicon 
compounds hardly make use of multiple bonds. 

Another form of silica, i.e., stishovite, has different structure, the 
silicon having octahedral stereochemistry. Silica occurs in an amorphous 
form as flint and opal. Vitreous form of silica finds may uses in the 
laboratory. Itis used to make glass ware. 


| 


~O=Si «05 SiO» Si«O- Si «Ov-Si VIRE =0951 =O" 


aara. | 
| Loue ШИШ. 


Он wO mS jOa SiO Si-O-Si «O- Si "O-Si «O-Si-O- 


Infinite three dimensional giant macromolecule of silica 


Silicon (iv) oxide is much less reactive than carbon dioxide, but like 
that compound, it is an acidic oxide. Thus, SiO, on heating with concen- 
trated sodium hydroxidé solution or molten sodium hydroxide forms 
sodium silicate. 

SiO, (s) 2NaOH(aq)—» Na,SiO,(aq) + H.O(I) 

Silica can be regarded as the anhydride of Si(OH),. It is insoluble in water 
and melts at 1973K to form a viscous liquid which on cooling forms glass 
(fused silica). Silica glass is used for the manufacture of vessels used in the 
laboratory and industry. Silica also reacts with fluorine and hydrofluoric 
acid. The reaction with hydrofluoric acid is used in qualitative detection 


of silica or silicates. Certain gems, e.g., amethyst also consists of silica 
coloured by impurities. 


12.9.2 Silicates 
Silicate minerals and complex aluminosilicate clays are present in 

abundance in the earth's crust. Its weathered products, e.g., soils, clays, 
and sand consist almost entirely of silicates and silica. The silicates are 
usually giant molecules rather like silica, but which contain many other 
metallic elements in addition to the silicon and oxygen. Quartz, mica, 
asbestos, felspars and zeolites are all silicate minerals. 

эй The vast majority of silicates ore highly insoluble (only alkali metal 
silicates are water soluble). A common feature to all thesecomplex silicate 
anions is SiO,*~ tetrahedron, the basic structural unit. 
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These tetrahedra can exist either as discrete structural entitics or can 
combine by corner sharing of oxygen atoms into larger units. 

The resulting *O' lattice is frequently close-packed or approxi- 
mately so. Since these silicate rocks are electrically neutral, they mustalso 
contain a sufficient number of cations such as Na*, K*, Ca?*, Mg?*, Fe”, 
Mn** to balance all the negative charges carried by the oxygen atoms. 
These cations, according to their size, occupy tetrahedral, octahedral or 
other sites present in the crystal lattice of silicates. The SiO, unitscan build 
up into chains, multiple chains (or ribbons), rings, sheets and three dimen- 
sional networks summarized in Table 12.9. 


‘TABLE 12.9 Structural arrangement of SiO, units in various silicates 


eT 


Structural Anion Example 
arrangement unit 
(i) Discrete anions: (510) Orthosilicates: 


Zircon, ZrSiO,; 
Phenacite, Be,SiO,; 
Forsterite, Mg,SiO, 


Two tetrahedra (Si,O)f- Pyrosilicates : 
sharing one oxygen Akemanite 

Ca, MgSi0, 
Closed rings of tetrahedra, (SiO) Cyclic silicate : 
each sharing two oxygens Benitoite BaTiSi,O, 

(Si,O,)- Beryl, 
Be, Al,Si,O,, 
н) Extended anions 

Continuous single (510,) 2 Pyroxenes : 
chains of tetrahedra, Ѕройотепе, 
each sharing two oxygens Li АТ(510,),; 

Enstatite, (MgSiO,), 
Continuous double (SLO De Amphiboles : 
chains of tetrahedra Anthophyllite, 
sharing alternately Mg,(Si,O,,),(OH), 
"о and three oxygens Absestos have these 

\ double chains 

Continuous sheets of (51,0,) 2% Tale, Мв ,(51,0,) (ОН), 
tetrahedra, each sharing Kaolinite 
three oxygens ALGI,O) (ОН), 

Micasjand clays belong to 
Gii) Three dimensional this class 
networks 

р Cristobalite, SiO, Quartz, 

Continuous framework 510, SiO, Fel ds pars 2.8. 
of tetrahedra, each sharing NaAISi,O, orthoclase 


II f. g 
Ош e K[AI0,(SiO,),] and 
the open framework 
zeolite also assume this 


1 arrangement. 
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Siofion (O=0 @ = =) 


Structures of discrete 
anions involving SiO, : 
tetrahedra ; 

6 - Silicon 
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ays 
Y 


Structures of extended 
| anions : 
chains and sheets 
of silicate tetrahedra ; 
e = Silicon 
О = Oxygen 


& 
Cristobalite (diamond like form of silica) : Representative structure of three 
dimensional networks of SiO, 
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From Table 12.9 it is evident that the molecular formulae of some 
silicates contain metals other than silicon, e.g. Al, Ca, Mg, etc. This could 
be possible by the replacement of Si* by AP*ionsto give aluminosilicates, 
AS a result, the network will carry an overall negative charge which is 
counterbalanced by the incorporation of cations such as Na* and Са?* into 
the cavities in the structure. In this way, materials such as felspars, e.g. 
orthoclase, K[AIO,(SiO,),] and the open frame work zeolite structures are 
produced. Zeolites are three dimensional silicates, e.g., analcite, (empiri- 
cal formula Na* [Al Si,O,]-H,O). Zeolitescan be used as ion exchangers, 
whose operation depends on replacing one kind of cation with another in 
these cavities. They are used in the treatment of hard water. Anhydrous 
zeolites are useful drying organic solvents and for adsorbing impurities 
from gases sich as N, and Н,. Because of this, they are called molecular 
sieves; the small H,O molecules can get into the cavities but larger 
molecules cannot. The effective Separation of straight chain alkanes from 
the branched chain or aromatic substances has been achieved by using 
zeolites. 

Claysare aluminosilicates with the infinite sheets structure, and are 
usually colloidal in nature. Kaolinite is a clay widely used in making 
pottery. Asbestos is a fibrous silicate with either the chain or sheet 
Structuree.g., chrysolite, 3MgO. 2Si0,. 2H,Ohas the sheet structure. 

Micas have infinite sheet structure. Muscovite K,ALJSi,Al,O 
(OH), is anexample of mica. 

Glass and cement are the two well known synthetic silicates. 
Cement willbe discussed in Unit 14 
12.9.3 Glass 

Glass is the oldest man-made material. The Egyptians were familiar 
with a glass-like material as far back as 3000 B.C. After 1900 A.D. glass 
industry maderapid progress. 

Glass is acomplex mixture of an alkali metal silicate and various 
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to visible light, brittle and entirely lacking in the ordered internal structure 
characteristics of crystals. On heating, it gradually softens (no sharp 
melting point). 
Ordinary soda glass.is a mixture of sodium and calcium silicates. It 
is manufactured by heating together sand, soda ash (Na, CO.) and lime- 
stone (CaCO,) at a temperature of about 1773K ina Ке. When the 
molten mass is cooled, it sets into a solid brittle glass. The reactions taking 
placeare: 

Na,CO,(s)+SiO,(s) UE 2d Na,SiO,(s)+CO,(g) 

СаСО (5) +510,(5) ————% CaSiO,(s) - CO, (р) 

No definite formula is given to glass, The composition may be ap- 
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Ls 
proximated to the formulaCaSiO,. М№а,510,.4510, (or CaO, Na,O. 6SiO,). 

When sand is fused with sodium carbonate alone, a glassy mass 
knownas “water glass” is obtained. Itis soluble in water. 

The limestone alongwith sand gives a glassy substance known as 
calcium silicate. It is insoluble in water but soluble in acids. Glass made 
from sand, soda ash and limestoneis neither soluble in water nor in acids. 

Molten glass, if cooled suddenly, it develops great internal strain 
and is likely to break into pieces. To avoid this, the molten mass must be 
cooled very slowly. This process of slow cooling is known as annealing. 
Forevery type of glass, there isa definite upper annealing temperature. 

To produce coloured glass, small amount of other chemicals are 
added to the fused glass. The various chemicals used and the colour they 
impartare shownin Table 12.10 

Glass is used for making jars, bottles and other vessels. Bottles and 
jars are made by machine in moulds. Window glass is made by flattening 
the soft hot glass between rollers and allowing it to cool slowly. We can 
produce many typesof glasses (Table 12.11) by varying the ingredients. 

Glass can be made into very fine threads. This is called fibre glass. 
Itcan be woven into acloth which is very hard wearing and does not burn. 
The glass fibres can also be mixed with plastic to make a very light strong 
material. Car bodiesand the hullsof boats are often made of fibre-glass. 


TABLE 12.19 Substances used in the production of colour in glass 
Substance ee ИНЕ шш 


Substance Colour imparted 
1. Cobalt (П) oxide Blue 
2. Iron (II) compounds Green 
3. Iron (Ш) compounds Yellow 
4. — Manganese dioxide Violet 
5. Chromium oxide Green 
6. — Calcium fluoride Milky 
7. Uranium compounds (Sodium uranate) Yellow 
8.  Collodial gold (Gold chloride) Red, purple, blue 
9. Copper (I) oxide Red, green, blue 
10. — Colloidal selenium Ruby 
TABLE 12.11 Properties and composition of various glasses 
Type of glass Composition Properties Uses 
Soft or soda 75% SiO,, 15% Na,CO, Inexpensive, Bottles, jars, 
5% CaCO,, Remainder common type window panes, 
A10, and MgO. glass tubing 
Hard or Potash — 7546 SiO. 15% K,CO, Laboratory glass 
5% CaCO,. Remainder ware 
ALO,, and MgO. ; 
Flint im О, 10% K,CO,, Optically clean, ^ Electric bulbs, 
45% PbCO,. high refractive dinner wares, 
index and high optical instruments, 
density cut glass articles 


Pyrex brand, 80% SiO,, 12% В,0, Thermally very Laboratory glass ware, 
Borosilicate Remainder Na,CO, stable, chemically telescope lenses, etc. 


and ALO,. inen 
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12.9.4 Silicones 

Silicones are polymeric organosilicon compounds containing indi- 
vidual or cross linked -Si-O-Si-O- chains or rings in which some of the 
oxygens of 510, tetrahedra are replaced by groups such as hydroxyl 
-OH, methyl -CH,, ethyl, C,H,, or phenyl -C,H,. They exhibit some of the 
properties of hydrocarbons and silicon oxygen compounds. They find 
many applications because of their remarkable stability to chemical attack 
or thermal decomposition. Depending on the relative molecular mass and 
extent of cross-linking, the polymers range from liquids to hard, thermally 
stable solids. 
12.10 GROUP 15 ELEMENTS - GENERAL CHARACTERIS- 
TICS 

Group 15 of the periodic table contains nitrogen (N), phosphorus (P) 
arsenic (As), antimony (Sb) and bismuth (Bi). The elements show the usual 
trends within the group. The metallic character increases as we go down 
the group. Thus, N and P are non-metals, As and sb are metalloids and Bi 
is metallic. As usual, nitrogen is different from the other members. All the 
elements are characterized by ns? np? electrons in their valence shell which 
would suggest the formation of -3, +3 and +5 oxidation states and these 
are observed in P, As, Sb and Bi. Nitrogen, however, is found in every 
oxidation state between -3 and +5. Further in this group nitrogen is a gas 
and rest of the members of the group are all solids. Physical properties of 
nitrogen and phosphorusare listed in Table 12.12. 


TABLE 12.12 Some physical properties of nitrogen and phosphorus 


Property Nitrogen Phosphorus 
Electronic structure [He]2s?2p? [Ne]3s?3p? 
Covalent radius (pm) 70 110 
Ionic radius, М? (pm) 171 212 
Ionization energy (kJ mol-!) Ist 1403 1012 

IInd 2857 1897 

Шта 4580 2910 
Electron affinity (kJ mol-!) — 31 60 
Electronegativity 3.05 2.05 
Density (g/cm?) 0.88 1.82 
Melting point (K) 63,2 316 
Boiling point (K) 77.2 552 
Oxidation states 2322 21 -3 

i +1, +2, +3, 44, 45 +1, +3, +5 

Physical state Gas Solid 


12.11 NITROGEN 


Nitrogen was Probably first recognized as a distinct gas by Ruther- 
n 1772. Lavoisier recognized its elemental nature on the basis of his 
on combusion. He called the Bas azote (Greck, a Zote = not life) as 


ford i 
work 
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it would not support life. But its name nitrogen was preferred because of 
itsclose relationship tonitre (Greek, nitron genon=nitre former). 

Nitrogen is very much essential for all living organisms. Nitrogen 
present in the air dilutes oxygen and brings down its activity to safe limits. 
Nitrogen, in the combined form as proteins, is needed by plants and 
animals for the life process. It cannot be directly assimilated in the free 
state. The process of converting free atmospheric nitrogen into its useful 
compounds iscalled fixation of nitrogen (Fig. 12.16) 

Nitrogen is a typical non-metal. It has five electrons in the valence 
shell. Nevertheless the maximum number of covalent bonds formed by 
nitrogen is limited to four (e.g. NH,* salts) because it.has only s and p 
orbitals in its valence shell. It is a diatomic molecule. It exists as discrete 
diatomic molecules in the gascous, liquid and solid states. Two nitrogen 
atoms are combined by triple bonds with a bond distance of 109.8 pm and 
is very stable. Its bond dissociation energy is 946 kJ mol. We have 
already discussed the structure ofnitrogenin Unit6. 

109.8 pm 


:М:№ OR N 
Nitrogen has high electronegativity. Its value is next to that of 
fluorine and oxygen. It forms a variety of compounds which represent all 
the oxidation states ranging from -3 to +5, e.g. -3 (NH, Mg,N,) + 3 
(NaNO,)and+5 (N,O,,HNO,). 
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Fig. 12.16 Nitrogen is fixed naturally in thunderstorms and by Me i aes 
in the soil which are normally found in root nodules of some plants suc 

as beans. Fertilizers contain artificially fixed nitrogen. Amaia таш 

factured by Haber! s process is the main source of industrial nitrogen 
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12.11.1 Occurrence 

Nitrogen occurs abundantly innature in the free as well as combined 
forms. Molecular nitrogen makes up 78% by volume of the atmosphere. 
It is obtained from the atmosphere by liquefaction and fractionation, Itis 
present in certain solid nitrate deposits, e.g., as NaNO, in the earth’s crust, 
Nitrogen is present in the amino acids from which animal and vegetable 
proteins are constructed. It also occurs in traces as ammonia in the 
atmosphere and is produced by the decay of organic matter and urine. In 
plants, animals, rock salts and mineral waters, nitrogen exists in the form 
ofammonium salts. 
12.11.2 Preparationof Dinitrogen 


Commercially dini- 
BN trogen in obtained by the 
NaNO, fractional distillation. of 


liquid air. Dinitrogen so 
produced contains a small 
amount of oxygen and 
noble gases. In the labora- 
tory, dinitrogen is pro- 
duced by heating sodium 
Fig.12.17.Preparation of dinitrogen nitrite and ammonium 

chloride. These interact 
to give ammonium nitrite, which then decomposes to give dinitrogen. 
Ammonium nitrite is so unstable that it cannot be stored. Thc gas is 
collected over water: 


Thermal decomposition of (NH,),Cr,0, also givesdinitrogen. 
12.11.3 Propertiesand Reactionsof Dinitrogen 

Dinitrogen isa colourless and odourless gas. Itis lighter thanair and 
almost insoluble in water, Under standard conditions 100 mL of water 
dissolves 2 104 mL of dinitrogen, It is liquefied with difficulty. It is neutral 
towards litmus. 
Dinitrogen is very stable and relatively inert. It is neither combus- 
tible nor a Supporter of combustion. Combustion reactions are slowed 
down by the presenceof dinitrogen inair. 
l. Reaction with metals:Dinitrogen, however, combines with some 
preheated metals to form nitrides which are white solids and ionic in 
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nature. 
3Mg(s)* N(g) > Mg,N.(s) 
3Ca(s)  N(g) > Ca,N (s) 
2Al(s)+N,(g) 2AIN(s) 
Nitrides decompose on reacting with water producing metal hydroxide 
and ammonia gas with characteristic punzentodour. 
Mg,N,(s)+6H,0() 3Mg(OH),(s)+2NH,(g) 
AIN(s)+3H,O(l) ——————> AK(OH),(s)+NH,(g) 
2. Reaction with dioxygen: Dinitrogen combines with dioxygen at 
3300K to form nitric oxide in very small yield. Such high temperatures are 
produced by electric sparks. 


3300K 
N,(g)+0,(g) > 2NO() 
Nitric oxide 

Atmospheric dinitrogen and dioxygen also undergo this reaction 
during lightning. The reaction isreversible and is highly endothermic, 
Formerly this reaction was the basis of a method for the manufacture of 
nitric acid. 
3. Reaction with dihydrogen: Dinitrogen combines with dihydrogen 
to give ammonia. The reaction takes place at 750K under high pressure in 
the presence of finely divided ironcatalyst. 

N,(g)+3H,@) ———> 2NH,(g) 

The reaction is reversible and exothermic. This reaction is the basis of 
Haber’ sprocess for the manufacture ofammonia. 

Methods xor the preparation of dinitrogen and some of its typical 
reactionsare portrayed in Fig, 12.18. 
12.11.4 Uses of Dinitrogen 
1. The important uses of dinitrogen are based upon its inert nature. It 
is used : (i) for providing inert atmosphere in chemical process, (ii) to 
prevent the oxidation of easily oxidizable substances on exposure to air, 
(iii) for providing inert atmosphere in industries while handling gasoline 
andother inflammable liquids, (iv) in mercury thermometers forfillingthe 
space above mercury and thus, reducing the cvaporation of mercury, (v) 
in the packing of foods anned foods such as coffee, hydrogenated vege- 
table oils, etc., retain théir flavour and colour much beuer if packed in thc 
atmosphere of dinitrogen instead of air), and (vi) for filling in electric 
bulbs. 
2.  Dinitrogen is used in various processes for ‘fixing’ atmospheric 
nitrogen (Fig. 12.16). 
3. и is used in the manufacture of nitrolime, calcium cyanamide 
ammonia, nitric acid and fertilizers. 
4. Liquid dinitrogen is used as a coolant when low temperatures are 
required. It is also used as a refrigerant to preserve biological materials, 
in freezing foodarticlesand incryosurgery. 
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Fig. 12.18 A flow diagram illustrating the methods ‘for the preparation of 
dinitrogen and its reactions 


12.12 COMPOUNDS OFNITROGEN 


Ammonia and nitric acid are amongst the important industrial 


chemicals. Their chemistry is discussed in the following pages. Oxides of 
nitrogen willalsobetaken up. 
12.12.1 Ammonia 

Ammonia is a very important compound for the fertilizer industry. 
It is present in atmosphere, Decaying of organic matters, e.g., homs and 
hoofs of dead animals and dead plants produce ammonia gas. It occurs in 
nature as ammonium chloride and ammonium sulphate which are found 
in some springs and earth's crust. The smell around toilets is also due to 
this gas. 
Laboratory Preparation of Ammonia : Ammonia is produced by the 
hydrolysis of magnesium nitride (M g,N,): 

Mg,N, +6H,O Pium Р т 3Mg(OH), +2NH,(g). 

However, it is best Prepared in the laboratory by heating a mixture 

ofammonium chloride and slaked lime, Ca(OH),. 


2NH,CIS) « Ca(OH) (s) erg C3Ch6) + 2H,0() + 2NH,(g) 


The apparatus used in the preparation of the gas is portrayed in Fig. 
12.19. A finely ground mixture of ammonium chloride (1 part) and slaked 
lime (2 parts) is placed in a round bottom flask. On heating, ammonia is 
evolved. The gas is passed through quickline (for drying) and collected by 
the downward displacement of air as it is lighter than air. It cannot be 
collected over water because itis highly soluble in water. Water is formed 
during the course of reaction. The flask is always positioned in a tilted 
fashion to avoid the condensed water drops which may trickle back on to 
the hot glass andcrackit. К 

Sulphuric acid and anhydrous calcium chloride cannot be used for 
drying as both react with ammonia, 

2NH,(g)-H,SO,(l) —————> (NH,),SO,(s) 
8NH,(¢)+ CaCl (6) ees CaCl,.8NH,(s) 


AMMONIA 


SLAKED LIME AND 
AMMONIUM CHLORIDE 


QUICKLIME 


DRYING 
TOWER 


Fig. 12.19 Laboratory preparation ofammonia. 
Manufac mmonia ср 
3 pos | manufactured by the direct combination of ER 
and dihydrogen under suitable conditions. This rcaction was E 
byaGerman chemist, Fritz Haberin1 908 andis called the Haber's process. 
N(g)*3H(g — > 2NH,() ‚ 2) diet uid air and 
Dinitrogen is obtained by fractional distillation of tiq 


dihydrogen is obtained from natural gas or by the Bosch’s process. The 


буо gases are dried and mixed in theratioof 1:3 by у itha decrease 

The reaction is reversible, exothermic and DT. ad sh pressures 
in volume. Hence, according to Le Chatelier’ S AE i К ues 
and low temperatures should give better o Rees cing 


actice, an optimum 
however, chemical reactions proceed slowly. In pracuce, р 
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temperature of 773K and a pressure of 250 - 1000 atm are employed. A 
mixture of two gases compressed to 250-1000 atm is passed over finely 
divided iron or iron oxide (catalyst) heated to 773K. Alumina or molyb- 
denum (promoter) is added to increase the rate of attainment of equilib- 
rium. The products are passed through a cooling chamber (Fig. 12.21). 
Ammonia, under high pressure, then liquefies and can be separated, Only 
10% conversion occurs. Figure 12.20 showsa flow diagram for the modern 
Haber's process. 
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PURIFICATION 
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COMPRE- | № + Н, 
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PUMP 
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Uig. 12.20. A flow diagram for the Haber's process. 


Properties of Ammonia : Ammonia is a colourless gas with a character- 
istic choking smell. Itis lighter than air. Itcan be easily liquefied toa liquid 
(b.p. 240K), Its melting pointis 198.4K. 

Ammonia isa trigonal pyramidal molecule with polar nature. In the 
solidand liquidforms, itisassociated through extensive hydrogen bending 
because of the high electronegativity of nitrogen. This additional bonding 
explains the exceptionally higher melting and boiling points ofammonia 
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NITROGEN HYDROGEN 
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| | 
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LIQUID AMMONIA 
Fig. 12.21 Manufacture ofammonia byHaber' s process. 

compared to those of the other hydroxides of 
one group 15 (Unité). Itdissolvesin waterto give 
an alkaline solution. Its high solubility is at- 

tributed tothe presence of H-bond. 
The reaction of ammonia with water is 
N the donor-acceptor interaction. The ammo- 
СӘ nia molecule, because of the presence of a 
H е lone pair of electrons, is the donor (Lewis 
base) and the proton eliminated from the 
М water molecule is the acceptor of (Lewis 
acid) a lone pair of electrons from nitrogen. The donor property of NH, 
isalso visible in its other properties, €-8^ the attachment of protons during 


H 
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the reaction of ammonia with acids. 
(g)H,N+HCl(g) ——————> _NH,Cl(s) 


NH,+H,O = NH’ + OH” 


] | 
eh a E + OH 
H 


H — BOND (COORDINATE BOND) 


Complex formation : Ammonia forms co-ordinate bonds with metal ions 
by donating its lone pair of electrons. Such complexes find use in 
qualitativeanalysis. 

On adding ammonia or ammonium hydroxide solution to salt 
solutions of metals such as Cu, Zn and Ag, metai hydroxides are formed 
which dissolve in excess of ammonia to form soluble ammine complex 
ions. 

CuSO,(aq) - 4NH,(aq) — ——* [Cu(NH,),]SO, 
ZnCl, (aq)+4NH,(aq) —————> (Zn(NH,),]CI, 
AgNO, (aq) +2NH,(aq) ————> [Ag(N H), INO, 
(Fromammonium) 
hydroxide) (Complex) 

The dissolution of NH, in water isareversible reaction. Only a small 
proportion of dissolved ammonia is present in solution in the form of NH,* 
ions while most of itis contained as NH... Ammonia water, therefore, gives 
smell of ammonia. Itneutralizes acid solution to produce ammonium salts. 
The ОН ions present in its water solution form insoluble metal hydrox- 
ides on reacting with metal salt solution. 

Al,(SO,),(aq) +6NH,OH ——* 2Al(OH),(s) + 3(NH,), SO, (aq) 

(Gelatinous white ppt.) 
FeCl, +3NH,OH(aq) ~> Fe(OH), (5) + 3NH,Cl(aq) 
(Reddish brown ppt.) 
These reactions are used to identify the metal ions in the qualitative 
analysis. 
Combustibility : Ammonia does not burn in air. It, however, burns in 
dioxygen with a greenish flame. 
4NH,(g)+30,(g) —————» 2N,(g) + 6H,O(g) 

In the presence of heated platinum catalyst, ammonia is oxidized to nitric 
oxide, which immediately combines with atmospheric oxygen to give 
brown coloured nitrogen dioxide gas. This reaction is used in the manu- 
facture ofnitricacid fromammonia. 


Reducing properties: (i) Ammonia reduces heated metallic oxides of less 
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Fig. 12.22 A flow chart illustrating the preparation of ammonia and its 
reactions. 


reactive metalsandis itself oxidized to dinitrogen. 
3CuO(s)+2NH,(g) —— — * 3Cu(s)+3H,O(g)+ N,(g) 
3PbO(s)+2NH,(g) 3Pb(s)+ 3H,O(g) + N,(g) 
(ii) Itreduceschlorine to give hydrogen chloride. 
2NH,(g)* 3CL(g) ———— ——7 N,(g)+6HCI(g) 

The hydrogen chloride, thus, formed combines with excess of 
ammonia producing dense white fumes of ammonium chloride. This 
reaction is used to detect ammonia gas. If excess of Ci, is used, a highly 
explosivesubstance, nitrogen trichlorideis formed. 

мнз) 77-7. NOLOA) 


Methods for the preparation ofammoniaand itstypical reactions are 


summarizedinFig. 12.22 
Usesof Ammonia: Ammoniais used: 
1. In the manufacture of various fertilizers, such as ammonium 


sulphate,ammonium phosphate, ammonium nitrate, urea, etc. 
2. In the manufacture of nitric acid (Ostwald's process), sodium 
cyanide, ammonium chloride (used in dry cells, Leclanche cells and 
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preparing digestive medicines), ammonium nitrate (used in making 
explosives and in the manufacture of calcium ammonium nitrate, CAN), 
ammonium carbonate (used in baking powders), etc. 

3. In Solvay’s process for the manufacture of sodium carbonate and 
sodium bicarbonate. 

4. In the manufactue of polyamide plastics and many organic chemi- 
cals and wood pulp. 

5. Inthe manufacture of artificial silk (rayon). 

6.  Asarefrigerating agent in ice-plants. 

7. | Ammonia-water solution is used for removing grease stains. The 
solutionis also used for cleaning window panes, porcelain tiles, etc. 

8 Inhouschold detergents. 

12.12.2 Oxides of Nitrogen 

Oxides of nitrogen present a good study material with regard to 

their varied structures and diverse chemical behaviour as compared to 
the oxides of the other members of the nitrogen group. The oxidation 
states expected of nitrogen (ns?np?), would be -3 to +5. Nitrogen as- 
sumes only positive oxidation states with oxygen because oxygen is 
more electronegative than nitrogen. The ability of nitrogen to form 
multiple bonds to oxygen causes its oxides to be small molecules, not 
solid polymeric substances with simple M-O bonds as in the case of P, 
As, etc. Nitrogen-oxygen chemistry is rather complex. We shall here 
present a mere outline to give the students a feeling for the behaviour 
, 9f the nitrogen atom in different environments. Table 12.13 lists the 
‘oxides of nitrogen with their physical states. Their structures are given 
in Fig. 12.23. 

Ў Dinitrogen oxide, N,O and nitrogen oxide, NO are neutral, and 
‚ the other oxides increases in acidity, N,0,<NO,<N,0,. 


TABLE 12.13 Oxides of nitrogen 


Oxidation Oxide Name 


Physical state 
state formula at 298K 
wel NO : Dinitrogen monoxide Colourless gas 
(Nitrous oxide) 
+2 NO Nitrogen monoxide Colourless gas 
(Nitric oxide) 
+2 №0, Dinitrogen dioxide Solid 
+3 N,O, Dinitrogen trioxide Deep blue liquid 
+4 NO, Nitrogen dioxide Brown gas 
+4 х0, Dinitrogen tetraoxide White solid 
+5 №, Dinitrogen pentaoxide White solid 


Both nitrogen monoxide and nitrogen dioxide are used in the 
manufacture of nitric acid, Dinitrogen tetraoxide has found its use as 
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Fig. 12.23 Structures of the oxides of nitrogen. 
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an oxidant for rocket fuels in missiles and space vehicles. Dinitrogen 
oxide is used for anaesthetic purposes. Nitric oxide is one of the at- 
mospheric pollutants emitted during the burning of oil and coal (in 
power stations, refineries and automobiles). 
12.12.3 Nitric Acid 

Nitric acid was known as ‘aqua fortis’ (strong water) to the early 
alchemists because of its corrosive action on many substances. In 
1658, Glauber prepared it using sulphuric acid and potassium nitrate 
(a present laboratory method). Traces of free nitric acid are found in 
rain water after thunderstorm and lightning. Lightning initiates the 
combination of atmospheric dinitrogen and dioxygen to give nitric 
oxide which combines with more of dioxygen to produce nitrogen 
dioxide. Nitrogen dioxide dissolves in rain water to produce nitric 
acid. It is widely distributed in nature in the form of its salts, viz, 
sodium nitrate, potassium nitrate and calcium nitrate. 
Laboratory Preparation of Nitric Acid : Nitric acid is prepared by 
heating gently a mixture of sodium (or potassium) nitrate and concen- 
trated sulphuric acid in a glass retort. The vapours of nitric acid 
evolved are condensed as a light yellow liquid in a receiver cooled 
under tap water (Fig. 12.24) 

NaNO,(s) + SO, (1) — — —» NaHSO,(s) + НМО, (1) 


POTASSIUM 
NITRATE 


erp. 
Fig. 12.24 Preparationofnitric acid. 


Pure nitric acid is, however, a colourless liquid. The yellow 
colour is due to the dissolved nitrogen dioxide in the acid. This gas is 
often produced due to the decomposition of nitric acid by the heat of 
reaction. 

4HNO,(I) —————> 4NO (р)+2 
This is why gentle heating is advised. M v TR 
Manufacture of Nitric Acid : Nitric acid is produced by the catalytic 
oxidation of ammonia (Ostwald's process). A mixture of purified air 
(10 parts by volume) and ammonia (1 part by volume) is passed 
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through a chamber containing platinum gauze at 1000-1100K (Fig. 
12.25). Ammonia is then oxidized to nitric oxide. 


4 50 H 
NH,(g) + 50,(g) cna" PO + 6H,O(g) 


The reaction is exothermic and the heat of the reaction main- 
tains the required temperature of the catalyst chamber. The hot gases 
are rapidly cooled by passing through a large empty chamber. Nitric 
oxide does not combine with dioxygen in the air until it is cooled to 
~323K. Nitrogen dioxide is formed. 

2NO(g) + Og) | ———— —» 2NO,(g) 

The nitrogen dioxide, mixed with excess of air, is then absorbed 

in water to give HNO,. 
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Fig. 12.25 Manufacture of nitric acid 


4NO,(g) + O,(g) + 29,00) ———— —» 4HNO, 
Properties of Nitric Acid : Pure nitric acid is a colourless, fuming 
and highly corrosive liquid. It attacks the skin leaving yellow stains. It 
boils at 357.3K. It freezes to a white solid at 231.4K. Its density is 
1.504 g/cm?*. Concentrated nitric acid is often yellow due to dissolved 
nitrogen dioxide produced by its photochemical decomposition. 

The so called commercial concentrated nitric acid (16M) con- 
tains about 70% by mass of pure acid and 30% water. It has a specific 
gravity of 1.414. It can be concentrated to 98% by dehydration with 
conc. H,SO,. Anhydrous acid can be obtained by distilling conc. aque- 
ous acid with phosphorus pentoxide under low pressure. 

1. Acidic properties: It is soluble in water in all proportions. The 
aqueous solution if Stable and shows acidic properties. In aqueous 
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Solution, nitric acid is very strong acid and ionizes almost completely 

according to the equation. : 
HNO, (aq) + H,O(l) ——— H,O*(aq) + NO; (aq) 

(ii) Like other acids, it neutralizes bases forming salts and water. 
NaOH(aq) + HNO, (aq) ———> NaNO, (ад) + H,0(1) 
Ca(OH), (aq) + 2HNO,(aq) ——> Ca(NO,),(aq) + 2H,O(1) 

(iii) It reacts with basic oxides, forming nitrates and water. 

CuO(s) + 2HNO,(aq) ————_> Cu(NO,),(aq) + H,0(1) 
PbO(s) + 2HNO,(ag —————> Pb(NO,),(aq) + H,O(l) 
. CaO(s) + 2HNO,(aq) ———— Ca(NO,), (aq) + Н,0(1) 

(iv) It reacts with carbonates and bicarbonates liberating carbon di- 

oxide 
Na,CO,(s) + 2HNO, (aq) —> 2NaNO,(aq) + Н,О@) + CO,(g) 
KHCO,(s) + HNO, (aq) — —» KNO, (aq) + HjO() + CO,(g) 


2. Oxidizing properties : Nitric acid behaves as an oxidizing 
agent whether it is concentrated or dilute. The following reactions 
illustrate its oxidizing nature : 
(a) . Reaction with metals 
Nitric acid reacts with all metals €xcept gold and platinum. Its 

reaction with many metals is Slowed down because it renders the sur- 
face passive. Aluminium is not attacked by the acid as its surface 
remains covered by a thin layer of aluminium oxide. Iron and chro- 
mium are made passive by the acid. The reaction products formed 
depend upon the concentration of ihe acid, the activity of the metal 
and the temperature. 
(i) . Oxidation of magnesium and manganese : Very dilute nitric 
acid (say 5%) gives dihydrogen on reacting with magnesium and man- 
ganese at ordinary temperature, 

Mg(s) + 2HNO,(ag) ————> Mg(NO,),(aq) + H,(g) 

Mn(s) + 2HNO,(aq) ———__> Mn(NO,) (aq) + H,(g) 
(ii) Oxidation of copper : With concentrated acid copper is oxi- 
dized to copper (II) nitrate and the nitric acid is reduced to nitrogen 
dioxide and water. 

Cu(s) + 4HNO, (aq) —> Cu(NO,),(aq) + 2H,O() + 2NO,(g) 

Also with dilute nitric acid (~ 50%) copper is oxidized to 

Cu(NO,), but HNO, is reduced to nitric oxide and water. 
: 3Cu(s) + 8HNO,(aq) — 3Cu(NO,), (aq) + 4H,O(1) + 2NO(g) 
(iii) Oxidation of zinc : A number of reduction products NO,, NO, 
N,0, N, or NH,NO, are formed when the active metals such as zinc 
react with HNO,. 
Zn(s) + 4HNO,(aq) —> Zn(NO,) (aq) + 2H,O(1) + 2NO,(g) 
4Zn(s) + 10HNO, (aq) > 4Zn(NO,), (aq)+3H,O(1) + NH,NO,(aq) 

(Very dilute) 
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(b) Reaction with non-metals 
(i) | Oxidation of sulphur : Powdered sulphur reacts with hot con- 
centrated nitric acid to give dense brown fumes of nitrogen dioxide. 
Sulphur is oxidized to its oxyacid. 

S(s) + 6HNO,(aq) ——> H,SO,(aq) + 2Н,О@) + 6NO,(g) 
(ii) Oxidation of carbon : Hot concentrated nitric acid oxidizes car- 
bon to CO,. 

C(s) + 4HNO,(ag) —> CO,(g) + 2Н,0(1) + 4NO,(g) 
(iii) Oxidation of phosphorus and iodine : Both phosphorus and 
iodine are oxidized to phosphoric and iodic acids respectively. 

P,(s) + 20HNO,(aq) ———> 4H,PO,(aq) + 4H,O(I) + 20NO,(g) 

L(s) + 10HNO,(aq) ———> 2HIO,(aq) + 10NO,(g) + 4H,O(I) 
(c) Reaction with inorganic compounds : Concentrated (or dilute) 
nitric acid oxidizes many inorganic compounds and is itself reduced to 
nitric oxide. 

(i) | Hydrogen sulphide is oxidized to sulphur 

3H,S(g) + 2HNO,(aq) ————> 35(5) + 2NO(g) + 4H,O(I) 

To a saturated solution of H,S a few drops of concentrated 
HNO, is added. Hydrogen sulphide is oxidized to sulphur which pre- 
cipitates and starts floating on the upper surface of the solution. 

(ii) Sulphur dioxide is oxidized to sulphuric acid 

3SO,(g) + 2HNO,(aq)  2H,O(I) ——> 3H,SO,(aq) + 2NO(g) 
(iii) Green coloured iron (II) sulphate is oxidized to orange coloured 
iron (III) sulphate. 

The nitric acid is reduced to nitric oxide which on reacting with 
air gives brown fumes of nitrogen dioxide. 
6FeSO,(aq)+3H,SO,(aq)+2HNO, (aq)—> 3Fe,(S0,) (a0 4H OMNO) 
Some of the typical reactions of nitric acid are suramarized in Fig. 
12.26 
Test of Nitric acid (or Nitrates) 

1. Concentrated nitric acid on strong heating gives nitrogen diox- 
ide and dioxygen. Nitrogen dioxide is recognized by its brown colour. 
Dioxygen reignites a glowing splint. 

2. When some copper turnings are put in conc. nitric acid contained 
in a test tube and heated, dense brown fumes of nitrogen dioxide 
are evolved. 

3. Brown ring test. To a cold solution of dilute nitric acid (NO, 
ion) freshly prepared ferrous sulphate solution is added and then con- 
centrated H,SO, is added slowly along the walls of the tube. Acid 
forms the lower layer (denser than aqueous solution of FeSO,). On the 
junction of the two layers a brown ring appears. Some heat is pro- 
duced which is sufficient to initiate the reduction of NO,— ion to NO 
(forms a brown complex with FeSO,). On stirring the solution, the 
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NH, (а) + О, (9) NaNO, 


\ Pt + OXIDE ———» NITRATE 

NON. ‘ONO, \ + HYDROXIDE — NITRATE 

N, or NH; NO@) p + CARBONATE —> NITRATE 
2 4 


[Fe(H,0),NO] SO, 
ie e S0, NITRATE + NO 
CONG. H,S0; 
DISTILL WITH Р,О,, 
OR CONC.. 
H.SO, UNDER: 


LOW PRESSURE 


Fe% OR .$n** 


Pt CI, OR AuCI, 
co, + NO, H,PO, Е NO, 


Fig. 12.26 Reactions of nitric acid 
ring disappears as a result of heat produced during mixing ot H,SO, 


with aqueous solution and the whole solution becomes black. The 
following reactions take place : 


3Fe?^ + NO,- +4Н* — — —» 3pe* +NO+ 2H,0 
FeSO, + NO——> FeSO,. NO or [Fe(H,O),NO] SO, 
(Brown complex) 
chiefly used as given below : 


T$ (ammonium nitrate and calcium 
ammonium nitrate), explosives (nitroglycerine, dynamite, TNT, picric 
acid, gun cotton), dyes, plastics, drugs, perfumes, textiles (cotton, 
wool and linen) synthetic fibres, photographic films, 

2, In the extraction of certain metals, 

3. In the refining of certain metals, e.g., Ag and Au. 

4. In industries producing artificia] silk and cellulose nitrate. 
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Uses of Nitric Acid : Nitric acid is 
l. In the manufacture of fertilize 
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5. In the manufacture of chemicals, e.g., phosphoric acid from phos- 
phorus and oxalic acid from carbohydrates. 
6. In the manufacture of different nitrates which are used as fertiliz- 
ers, and in some medicines, photography and fireworks. 
7. Asa laboratory reagent. 
8. For etching designs or names upon metals like copper, brass and 
bronze. 
Structure of Nitric acid : The vapour of nitric acid consists of planar 
molecules which have the structure given in Fig. 12.27. In solid state, 
HNO, assumes the planar structure but with different dimensions. 

The nitrate ion, NO,- is isoelectronic with carbonate ions, 
CO,?~ and is also planar. The resonance structures of the NO,- are 
given in Fig. 12.27. 


Resonance structures of the 
inthe gaseous state. NO; ion 


Fig. 12.27 Structure of HNO, 


SMOG 

The word smog refers to smoke-laden fog which reduces visibil- 
ity to zero and seriously affects the respiratory organs. Smog is liable 
to occur when air near the earth is cooled below the dew point tem- 
perature. Because of this, air pollutants (smoke, sulphur dioxide, dust 
particles, etc.) get trapped in still air which cannot move upwards. The 
tropospheric temperatures, decreasing with altitude permits warm and 
less dense surface air to rise and carry away pollutants. These pollut- 
ants continue to hang in the atmosphere and form a layer of warm air 
over cooler surface air. During such a temperature inversion, the sur- 
face air is trapped and pollution level increases. Such conditions are 
prevalent in industrial townships and cities during winter season. 
Thus, it is a product of a damp climate and smoke and sulphur dioxide 
produced by the burning of coal for heat and power. 

The word ‘smog’ has penetrated into the culture of metropolitan 


cities like Delhi, Calcutta, Bombay, etc. and industrial towns like, 


585 


Kanpur, Ahmedabad, erc. This is caused by exudate or waste from 
industries, e.g., ash, smoke etc. Other pollutants which also add to 
smog has specific origin, e.g. dust from cement factory, dust from 
metallurgical plants, etc. Automobile exhausts is also one of the major 
causes of smog. 

Now a new word has been put along with smog to characterize a 
different type of smog, i.e., ‘photochemical smog’, the product of a 
combination of automobile exhaust and sunny climate. Dinitrogen and 
dioxygen present in air combine with each other in high temperature 
regions in and around automobile engines, furnaces of coal or oil 
bruning electric-power plants to produce colourless nitric oxide gas. In 
the presence of dioxygen it gets further oxidized to give brown 
colourled nitrogen dioxide gas. Both NO and NO, are quite reactive 
and do considerable damage to plants and animals. Nitrogen dioxide 
reacts with water vapours present in the air to produce corrosive drop- 
lets of nitric acid and NO. 

ЭМОН OG тте 2HNO, + NO 

Nitric acid is also produced by the dissolution of NO, gas (hang- 
ing in air) in rain water. "This acid may react with traces of ammonia 
in the air to form solid ammonium nitrate, a pollutant. j 

The problem is further accentuated in areas with warm dry cli- 
mates, conducive to light induced reactions (photochemical reactions). 

Nitric oxide gas continues to get oxidized into nitrogen dioxide 
which ‘often hangs over the city. Nitrogen dioxide, available at very 
low altitude, is a health hazard. It attacks lungs and may cause bron- 
chitis and cancer. Its increasing concentration is likely to rpoduce dan- 
gerous products. Nitrogen dioxide decomposes in the presence of sun- 
light to give NO and atomic oxygen. 

hv 
NOs aya Tig NOE О 
Atomic oxygen, in turn, reacts with dioxygen to give ozone. Ozone is 
à potential health hazard, Being oxidant in Nature, it reacts destruc- 
lively with many materials, €.8., rubber, paint and vegetation, etc. 1t 
affects eyes and lungs. Further it reacts with thc unburnt hydrocarbons 
that are released into the aunosphere from autombile exhaust, and 
thus, produces dangerous products like organic peroxides and per- 
oxoacetyl nitrates (PAN) which irritate eyes and damage the vegeta- 
tion kingdom. 

Efforts ore on whereby the concentration of NO could be re- 
duced in atmosphere close to earth, | 
Тһе Photochemical smog is confined to the region in which 
many photochemical oxidants are produced. It takes several hours for 
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a photochemical reaction of this nature to occur and by then consider- 
able distances may be covered by air mass. 

The reaction betwen naturally formed nitric oxide and O, is a 
normal occurrence in the upper part of the atmosphere. Somehow a 
balance between O, and O, is always maintained. 

NO EO илт?» NO, БО, 
NO, + О ET т мо’ +0, 
О, +0 ——— 20 

Further increase in the concentration of NO will increase the 
rate of conversion of ozone into dioxygen and could reduce the equi- 
librium level of ozone. Nitrogen oxide produced at low altitudes does 
not pose any threat to the ozone layer. But at high altitude, if enough 
NO is available, it would deplete the ozone to the point, that harmful 
effects on earth may become visible. 

Thus, a photochemical smog may be defined as a brownish 
smog occurring in the city's atmosphere receiving large enough 
amounts of sunlight, It is caused by photochemical (light induced) re- 
actions among nitrogen oxides, sulphur oxides, hydrocarbons, and 
other components of polluted air which produce photochemical oxi- 
dants. 


12.13 PHOSPHORUS 

Phosphorus was recognized in 1669 by Brand. Its name has been 
derived from its unique property of 'glowing' in the dark (phospheres- 
cence). 

Phosphorus, like nitrogen, is needed by all living beings because 
it enters the composition of some proteins (both vegetable and animal 
proteins). It is an essential fertilizer for plants. 

Phosphorus is a typical non-metal. Its valence shell contains 5 
electrons. Phosphorus atoms unite into diatomic P,, tetratomic P, and 
polymeric P, molecules. P, molecules have a structure similar to that 
of N, and exist only above 1073K. fn the liquid or vapour form P, 
molecules are stable below 1073K. 

As seen in other groups, phosphorus differs from nitrogen in 
many respects. This is ascribed to the difference in their sizes and 
clectronegativity values. Some of the points are listed below : 

(a) The strong N =N bond and absence of catenation; photons 
exists as P,, each atom joined by single bonds. 

(b) Nitrogen is limited to a maximum co-ordination number of four 
(absence of d orbitals) whereas phosphorus can expand its valence 
shell to accommodate a coordination number of six. 

(с) · Nitrogen takes part in hydrogen bonding. The difference in the 
physical properties of NH, and PH, is due to hydrogen bonding 

(d) Oxides of nitrogen are small molecules, whercas oxides of phos- 
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Phorus are solid and plymeric substances with single P — O bonds. 
This is because nitrogen can form multiple bonds to oxygen. 

(e) Molecular nitrogen is unusually inert because of its high bond 
dissociation energy (946 kJ mol), 

(f) Nitrogen forms numerous compounds with sp and sp? hybridiza- 
tions. Such hybridizations are not seen in the compounds formed with 
phosphorus. 

12.13.1 Occurrence 

Phosphorus is found in the form of phosphate deposits in the 
crust of the earth. Its common minerals are phosphorite, Са. (РО), 
fluoroapatite,CaF,.3Ca,(PO,), or hydroxyapatite, Ca(OH,),3Ca,(PO,),. 

Phosphorus is an essential constituent of bones, teeth, muscles, 
brain and nerve tissues (DNA). 

In plants, phosphorus is contained chiefly in the seed proteins. 
The bones of animals (phosphorus as hydroxyapatite) and rock phos- 
phates are the main sources of phosphorus, 

Immense deposits of Phosphates are found in North Africa, 
North America, on the Nauru and Ocean Islands in the Pacific and in 
the Kola Peninsula in the USSR. Phosphate deposits are also found in 
Rajasthan (India). 


12.13.2 Allotropy in Phosphorus 

Phosphorus exists in several allotropic forms of which only three 
are important. These are white or yellow, red and black phosphorus. 
White phosphorus exists as P, molecules (tetrahedral). Red Phosphorus 
has a polymeric type of structure resulting from the partial breakdown 
and interlinking of P, tetrahedra units to give P, (Fig. 12.28). Black 
phosphorus (also P.) possess graphite-like Structure, but the layers are 
Corrugated rather than planar, each P atom being bound to three neigh- 
bours. 

White phosphorus is unstable and changes very slowly at room 
temperature to the stable form. It is extremely reactive. Red and black 
phosphorus are relatively inert. Red phosphorus can be obtained by 
heating the white form, in the absence of air, for several hours at 540- 
570K. Red phosphorus is the stable form. 

Red phosphorus can be reverted back to white phosphorus by 
heating, in the absence of air, until it vapourizes and then condensing 
the vapour. Black phosphorus is made by heating white phosphorus to 
473K under high pressure or at 520-650K for 8 days in the presence of 
mercury as a catalyst and with a seed of black phosphorus. It exists in 
three cystalline and one amorphous forms. A comparison of the prop- 
erties of the white and red allotropes of phosphorus is given in Table 


12.14. Interconversion of the allotropes can be effected as suggested 
through Fig, 12.29. 
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Fig. 12.28 The broad spectrum of the arrangement of atoms in the 
different allotropic forms of phosphorus. 


1023 K 1273 K 
MELTING AND QUENCHING P, (s) —P, (SEP, (Ghee, ( 
Ро“ OR VACUUM SUBLIMATION 
WHITE 
ВЕБ $40-570K T, СО) 
MELTING AND 
QUENCHING 
OR VACUUM 
SUBLIMATION 


PROLONGED 
STANDING 


BLACK Pn 
Fig.12.29Inter conversion of allotropes of phosphorus. 
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12.13.3 Isolation of Phosphorus 


Phosphorus is usually extracted from rock phosphate, Ca,(PO,), 
by mixing it with silica and coke and heating it in an electric furnace 
at 1800K (Fig. 12.30) 

2Ca,(PO,), + 6510, ——— > 6CaSiO, + P,O,, 

PO soo bet 10CO 
In the course of the Teaction, silicon (IV) oxide (acidic oxide) dis- 
places the more volatile P,O,, from rock phosphate (P,O,, is acidic) 
and combines with CaO (basic; one of the constituents of rock phos- 
phate) to form calcium silicate. Phosphorus (V) oxide is then reduced 
by carbon to elemental phosphorus. As the phosphorus is formed, it 
vapourizes. The vapours are condensed; white phosphorus is then col- 
lected as a liquid under water. On cooling, it solidifies. 


TABLE 12.14 Physical and chemical properties of white and red phosphorus 


Property White phosphorus Red phosphorus 
1. State and colour White waxy solid Purple-red amorphous powder 
2. Density (g/cm?) 1.8 22 
3. Smell Garlic-like No smell 
4. Melting point (К) 317 773-873 (under pressure) 
5. Toxicity Very poisonous Non-poisonous 
6. Solubility Insoluble in water; Insoluble in water, 
Soluble in CS, and CS, and other organic 
other solvents solvents 
7. "Ignition Ignites at 308K; burns Ignites at 530K 
spontaneously in air 
8.  Phospherescence Greenish glow No phospherescence 
9. Reactivity Very reactive Less reactive 
10. Storage Under water Can be stored casily 
11. Reaction with ol, Ignites spontaneously Reacts on heating 
giving PCI, and PCI, forming PCI, and PCI, 
12. Reaction with alkalis Produces PH, on heating — No reaction 
ELECTROSTATIC 
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Fig.12.30The electrothermatproduction of phosphorus 
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12.13.4 Properties of Phoshorus 
Many of the physical properties of the various allotropic forms 
of phosphorus have been listed in Table 12.14. White phosphorus is 
the most reactive. It decomposes at ~1073K to give P, molecules. In 
contrast to nitrogen, phosphorus is extremely reactive. 
1. With air (dioxygen) : Because of its low ignition temperature, 
it catches fire in dioxygen (or air) producing dense white fumes, con- 
sisting of the oxides of phosphorus. 
P,(s) + 30,(g) ———+» 2Р,0,(5) or P,O,(s) 
Phosphorus trioxide 
P,(s) + 50,(g) ————> 2P,0,(s) or P,O,,(s) 
Phosphorus pentoxide 
White phosphorus glows in the dark because its vapours are 
oxidized by atmospheric oxygen with the emission of light. 
Red phosphorus burns to give P,O,,, only when heated above 
533K. 
2. .With halogens : Phosphorus reacts with the halogens exother- 
mally. White phosphorus ignites spontaneously in chlorine to form tri- 
and pantachlorides. 
P,(s) + 6Cl(g) ——— ———9 4PCI, (1) 
PCLO + Сі (в) тун РСІ,(8) 
(Excess) 
or P,(s) + 10CL,(g) ——————> 4РСІ, (5) 
Red Phosphorus reacts with chlorine at high temperature form- 
ing tri and pentachlorides. 
Phosphorus reacts with fluorine, bromine and iodine forming 
trihalides and pentahalides. Only PI, is not known. 
3. With acids : White phosphorus reacts explosively with conc. 
HNO, (reduced to NO,). Phosphorus is oxidized to phosphoric acid. 
P,(s) + 2HNO,(aq) ——> 4H,PO,(aq) + 2NO,(g) + 4H,O(I) 
Concentrated HNO, rects vigorously on warming with red phos- 
phorus in the presence of a trace of iodine as catalyst. 
Hot concentrated H,SO, yiclds phosphoric acid with phosphorus 
and is itself reduced to SO,. 
P,(s) + 10H,SO,(aq) —> 4H,PO,(aq) + 10SO,(g) + 4H,O(1) 
4. With alkalis : White phosphorus reacts with hot strong aqueous 
caustic soda (NaOH) or KOH to form phosphine (not dihydrogen). 
Heat 
P,(s) + 3KOH(aq) + 3H,0(I) — PH, (g) + 3KH,PO, (aq) 
Phosphine Potassium hypophosphite 
Red phosphorus does not react with alkalis. 
Some of the typical reactions of phosphorus are given in Fig. 12.31. 
12.13.5 Uses of Phosphorus 
Some of the important uses of phosphorus arc listed below : 
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Fig. 12.31 some ofthe typicalreaction ofphosphorus. 


1, Phosphorus is used in the manufacture of phosphoric acid (used in 
the preparation of phosphatic fertilizers), phosphorus pentoxide (dehy- 
drating agent), sodium metaphosphate (used for softening water), 
phosphor-bronze, a very hard alloy of copper, tin and phosphorus 
(being highly resistant to corrosion is used in making electrical gadg- 
ets), phosphine (used for producing smoke screen), etc. | 
2. It is used in making its chlorides and sulphides which are used in 
the manufacture of insecticides and plasticisers. 

3. It is used in the manufacture of certain complex organic phos- 
phates which are consituents of Synthetic detergents. 

4. Red phosphorus is used in the manufacture of tetra-phosphorus 
trisulphiude PS, which is used in making matches. 

5. Itis used in making rat poisons. н 
6. As the combustion of white phosphorus produces dense white 


smoke, phosphorus is used for making incendiary bombs, smoke 
bombs and fireworks, 


12.14 COMPOUNDS OF PHOSPHORUS 
12.14.1 Oxides 

Oxides corresponding to oxidation states +3 and +5 are the two 
Principal oxides of phosphorus, P,O, and P,O,,, obtained when phos- 
Phorus is burnt in air (O,). The lower oxide is obtained in a limited 
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supply of air. Both P,O, and P,O,, are the acid anhyarides ot H,PO, 
and H,PO, respectively. Thus, both the oxides on hydrolysis give their 
corresponding oxyacids. 

PO, 4 Ones Y 4H,PO, 


AOT 4HPO, 
Metaphosphoric acid 
О ——————- HPO, 
Pyrophosphoric acid 
HP OF Pe Ornate 2H,PO, 
Phosphoric acid 
The structures of these oxides is based on a tetrahedral arrange- 
ment of four phosphorus atoms. These phosphorus atoms are linked by 
six bridging oxygen atoms in the case of P,O, (Fig. 12.32 a). But in 
the case of P,O,» in addition to six bridging. oxygen atoms, each 
phosphorus atom is attached to a fourth oxygen atom (Fig. 12.32 b) 
which is directed away from the P, tetrahedron. The disposition of 
oxygen atoms around each phosphorus atom is thus tetrahedral. 
Phosphorus pentoxid. has storng affinity for water; it even re- 
moves the elements of water from conc. H,SO,. Thus, it serves as a 
good detydrating agent. 
12.14.2 Oxyacids 
The common oxyacids of phosphorus are listed in Table 12.15. 
TABLE 12.15 Oxyacids of phosphorus 


Oxidation Molecular Name 

state formula 

+1 НРО, Hypophosphorus acid 
+1 H,PO, Ortho- 

+3 НРО, var | Phosphorus acid 

+3 H P,O, Pyro- 

+4 H P,O, Hypophosphoric acid 
+4 H,PO, Опһо- 

+5 HPO, Meta- Phosphoric acid 

+5 H P,O, Pyro- | 


GUERRAM BA BR umur i 1 мез TENER ES a 
The most highly hydroxylated acid known in a particular oxidation 
state is the ortho acid. The meta acid is obtained by the loss of one 
molecule of water from the ortho acid and the pyro acid is the inter- 
mediate produced by the action of heat and loss of a water molecule 
from two molecules of ortho acids. The prefix, ‘hypo’ generally shows 
a lower oxygen content than the parent acid. This is all illustrated in 
Fig. 12.33 for the phosphorus acids. 

The oxyacids of phosphorus contain acidic hydrogens bonded to oxy- 
gen. 
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In the case of orthophosphoric acid all the hydrogens are acidic, 
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and hence, can be ionized. 

Phosphorus has a tendency to form condensed oxyanions, which 
are obtained when two or more PO} units can join together through 
the process of sharing of one or two oxygen atoms. This situation 
parallels to the phenomenon found in silicate structures. In condensed 
phosphates, as well as in the simple oxyanions, the element is always 
tetrahedrally co-ordinated (Figs. 12.34 and 12.35). In the oxyanions of 
phosphorus, P — О б bonds are supplemented by localiza x bond- 
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Fig. 12.34 Tetrahedral structure of the ions : (a) hypophosphite, 
(b) phosphite, and (c) phosphate. < 
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Fig. 12.35 Tetrahedral structure of the ions: (a) pyrophosphate, (P,0,)* 
(b) tripolyphosphate, (P,0,,— and trimetaphosphate (P,O,)— (linear 


and cyclic). sek 


^ Mov UISCUSSIOD OF the oxyacids, you have come across, -P-P- 
and -P-O-P- linkages. Condensed acids containing -P-P- bonds are 
more slowly hydrolysed than those containing P-O-P bonds. The 
-P-O-P- linkages are of great biochemical importance. Certain biologi- 
cally active molecules on which all life depends, e.g., adenosine 
` triphosphate (ATP) contains this linkage. This phosphate ester plays a 
Vital role in life ‘process such as, protein synthesis, genetic coding, 
photosynthesis, nitrogen fixation and many other metabolic pathways, 
Hydrolysis of this ester releases the energy required for many bio- 
chemical processes. Thus, Phosphate groups are called “high energy 
phosphate", 

Orthophosphoric acid is a major industrial chemical. It is manu- 
factured either by tréating rock phosphate (or bone ash) with conc. 
HSO, or by hydrating phosphorus pentoxide, 


The pure acid forms colourless deliquescent crystals that melt at 
315.4K. The pure acid is a three dimensional hydrogen bonded struc- 
ture. It is often sold as an 85% solution in water called “syrupy phos- 
phoric acid’. The high viscosity of this solution arises from intermol- 


Most phosphates are insoluble in water. 


12.15 CHEMICAL FERTILIZERS 
. Increasing Population is putting strains on the food resources of 
this planet. Chemistry plays a very important role in the development 
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Three elements, i.e., nitrogen (for ieaf growth), phosphorus (for 
root growth) and potassium (for flowering) are the primary or macro- 
nutrients. These are used up by plants and the soil suffers a deficiency 
of compounds of these elements in soil. Apart from these, iron, cal- 
cium, magnesium and sulphur, called secondary nutrients, are also 
required in small quantitites, Later it was discovered that elements 
like, Co, Zn, Mo, Cu, Mn, Cl and B play key roles in plant nutrition. 
Their deficiency in soil is less common. 


A manure is a natural substance obtained by the decomposition 
of animal excreta or plant residues. A chemical fertilizer is an artifi- 
cially produced salt or some other chemical substance (organic or in- 
organic) containing the necessary plant nutrients, The elements are 
present in such forms that plant can readily make use of them. 

Some of the common fertilizers are listed below : 

l.  Nitrogenous fertilizers : Ammonium sulphate, ammonium ni- 
trate, sodium nitrate, urea, calcium cyanamide, calcium ammoniun 
nitrate (CAN) 

2.  Phosphatic fertilizers : Superphosphate of lime or triple super- 
phosphate 

3. Potassium or potash fertilizers : Potassium chloride, potassium 
nitrate 


Fertilizers which contain only one primary nutrients (i.e., N, P 
or K) are called single fertilizers. Fertilizers composed of more than 
one primary nutrients are known as ‘mixed fertilizers’. According to 
the contents, they are classified as NK, NP, PK, or NPK type. For ex- 
ample, 

(i) Potassium nitrate, KNO,-A fertilizer of NK type 

(ii) Ammonium dihydrogen phosphate, (NH,)H,PO,-A fertilizer 

of NP type (Ammophos) 

NPK type fertilizers are called complete fertilizers. They supply 
all the primary nutrients. Fertilizers are marketed with special trade 
names such as,"Sriram Urea”, “Kissan Urea”, “Kissan Khad”, etc. 
Nitrogenous Fertilizers 


1. Ammonium sulphate : In the Sindri fertilizer factory (Bihar) 
ammonium sulphate is manufactured by a method called gypsum proc- 
ess. In this process ammonia water is conducted into a tank containing 
pulverized gypsum (CaSO,.2H,O) suspended in water. At the same 
time CO, is bubbled through the mixture under high pressure. Ammo- 
nium carbonate is first formed which, in turn, reacts with calcium 
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sulphate to form ammonium sulphate and calcium carbonate. The 
overall reaction is : 
2NH,(g) + CO,(g) + H,O(I) + CaSO,() > (NH,),SO,(aq) + CaCO,(s) 
Calcium carbonate is insoluble in water and is filtered off. Am- 
monium sulphate is recovered from aqueous solution by evaporation. 
2. . Calcium ammonium nitrate (CAN) : Ammonia is obtained by 
Haber’s process. Ammonia is converted into nitric acid. More of am- 
monia is allowed to react with nitric acid to produce ammonium ni- 
trate. Now powdered limestone is mixed up with NH,NO, to get cal- 
cium ammonium nitrate. 


NH, Concentration Limestone Coating 
HNO, ————>_  NH,NO,ag ——> NH,NO, ———— CAN — —* CAN 
(5490) = 343K (84%) (92%) Soapstone 


solution 

CAN is a very hygroscopic material, therefore, it needs protec- 
tion from atmospheric mositure during its transportation and storage. 
The rounded pellets of CAN are stirred with concentrated solution of 
finely powdered soapstone (sodium silicate). Thus, a thin layer of 
soapstone is coated on the pellets. 

3. Urea a well known nitrogenous fertilizer has a much higher 
percentage of available nitrogen. It is manufactured by the reaction of 
CO, with NH, at 425K 

425K 
CO,+NH, NH, COONH, ——» NH,CONH, + H,O 

200 atm Ammonium carbamate Urea 
Phosphatic Fertilizer 

Superphosphate of lime (calcium superphosphate) is obtained on 
a large scale by the action of conc.H,SO, on insoluble rock phosphate 
Ca,(PO,), + H,SO, + SILOS E Ca(H,PO,),.H,O+ 2CaSO,.2H,O 

(Insoluble) (Soluble) 
Rock phosphate contains CaCO, and CaF, as impurities, therefore, 
they react with H,SO, evolving HF and CO,. 

It contains 18% P,O, and its active ingredient is monocalcium 
phosphate which is water soluble. Thus, it provides its phosphate in a 
water soluble form which is readily assimilated by plants. 

To increase the amount of available phosphorus in-the fertilizer, 
double and triple superphosphates are used. These are more effective 
than simple superphosphates as their phosphorus content is higher be- 
cause of the absence of calcium sulphate. Triple superphosphate is 
Prepared by treating a weighed amount of rock phosphate with 54% 
H,PO, in mixers. 

_ Ca,(PO,), + 4H,PO, —____» 3Ca(H,PO,), 

The soil is usually alkaline in nature which converts the soluble super- 
phosphate into insoluble Salts. 
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Potash Fertilizers 

Soluble potassium salts are present in soil as a result of weather- 
ing of rocks. For some crops additional quantities of KCI, K,SO, or 
KNO, are helpful. 


121 
(0) 


(ii) 
(iii) 
(iv) 


(0 
(vi) 


(vii) 


(viii) 


(ix) 
(x) 

(xi) 
(xii) 


(xiii) 


(xiv) 


(xv) 
(xvi) 


SELF ASSESSMENT QUESTIONS 


Multiple choice Questions 

Put a tick (/) mark against the correct answer : 

The molecule having one unpaired electron is (UT 1985) 
(a) NO (b) CO (c) CN- (d) D, 

A gas that cannot be collected over water is 

(a) О, (b) №, (c) NH, (d) Н, 

A compound that is a Lewis base is 

(a) NH, (b) HNO, (с) О, (d) BeCl, 

Hydrogen gas will not reduce (IIT 1985) 
(a) heated cupric oxide (b) heated ferric oxide (c) heated stannic oxide (d) 
heated aluminium oxide. 

Brown ring test is employed for the detection of 

(а) NO,- (b) NO,~ (c) SO?- (d) СО 

The bonds present in N,O, are (IIT 1985) 
(a) only ionic (b) covalent and coordinate (c) only covalent (d) covalent 
and ionic 

The lightning bolts in the atmosphere cause the formation of : 

(a) NO (b) NH, (c) NH,OH (d) NH,OH (IIT 1986) 
Which of the following oxides does not produce acid on reacting with 
water ? 

(a) P,O, (b) NO, (c) CO, (d) Na,O 

Which of the following species is nothing to do with photochemical smog? 
(a) CO, (b) NO, (с) NO (d) O, 

Which of the followings is not a primary nutrient for the soil ? 

(a) N ©) P (c) K (d) S 

Which of the following elements form electron deficient halides ? 

(a) B, (b) N (с) Si (d) C 

Which of the following type of compounds does not involve tetrahedral 
geometry around the central atom ? 

(a) siliCates (b) oxyacids of phosphorus (c) borates (d) none 

Which of the following substances contains phosphorus ? 

(a) calgon (b) carborundum (c) kemite (d) clay 

The brown ring complex compound is formulated as (Fe(H,O),NO*)SO,. 
The oxidation state of iron is (IT 1987) 
(a) 1 (5) 2 (c) 3 (9) 4 

Which of the following oxides of nitrogen is a coloured gas ? 

(а) N20 (b) NO (c) N204 (d) NO2 (IIT 1987) 
Which of the following elements is expected to have the most non-metallic 
character ? 


(a) P (b) S (c) O (d) F 


122  Indicate which of the following statements is true or false : 


(i) 


Metals form basic oxides, whereas non-metals form acidic oxides. 


(ii) Hydrogen exhibits properties of a metal as well as of a non-metal. 

(iii) Nitric acid reacts with most of the metals giving similar type of products. 
(iv) “NH, gas is collected by displacement of air in a inverted bottle. 

(v) Aqua regia is a mixture of hydrochloric acid and nitric acid. 
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(vii) — Dinitrogen is produced by heating ammonium nitrate. 

(viii) Nitrogen dioxide dissolves in rain water to form nitric acid and nitrous 
acid. 

(ix) ^ Photochemical smog is caused by carbon dioxide. 

(x) Nitrogen, phosphorus and potassium are the primary nutrients for the soil 
which help in increasing the crop production. 

(xi) Тһе first element in a group behaves differently from the other members of 
the group. 

(xii)  Tripolyphosphates and trimetaphosphates have the same molecular for- 
mula. 

(xiii) Carbon dioxide is а gas and whereas silicon dioxide is a high melting solid, 

(xiv)  Carborundum is an allotropic form of carbon. 

(xv)  Boric acid has a layer structure which is based upon its structural unit BO, 

(xvi) The .P-O.P- linkage associated with ATP is vital for life processes. 

(xvii) Red phosphorus is more reactive than white phosphorus. 

(xviii) Silicone polymers contain silicon in the catenated form. 

(xix) Glass is a man made silicate. 

(xx) The various allotropic forms of phosphorus are temperature dependent. 

123  Fillin the blanks : 
(i) Hydrogen gas is liberated by the action of aluminium with concentrated 


solution of ....... (ПТ 1987) 
(ii) Water gas is mixture of .. 


(i) | An oxide which reacts with both acids and alkalis is called ...... 

Gv) ^ Assimilation of atmospheric dinitrogen by plants and animals is called ..... 
(v) — Nitric acid is manufactured by the catalytic oxidation of 
(vi) — Thermal decomposition of .... given boron. 

(Vii)... is the simplest hydride of boron. 

(viii) Boron dissolves in water to give ...... solution. 

(ix) Boric acid differs from other protonic acids, It acts as a ....... by accepting 


Wl) Fure nitric acid does not show acidic properties. | 


TENUES DANSE 


(x) Silicon dissolves in hot aqueous alkali to liberate ........ 
(xi) Asbestos is one of the types of 


(xvi) Superphosphate of lime is represented by the molecular formula 
12.4 Match the descriptions under 


under column A. 
Column A Column B 
l. Non-metals (à)  Haber's process 
2. Metals (b — aferilizer 
~ 3. Hydrogen (c) replace dihydrogen from acids 
4. Ammonia (d) | do not replace dihydrogen from acids 
5. Ostwald’s process (c) oxidation state, -3 
6. Acid rain (f) аргосеѕѕ for producing dihydrogen gas 
7.  Bosch's process (g) an ore of boron 
8. Calgon (h) NO, 
9. Collemanite (i) a silicate 
10. Pyroxene G)  acondensed phosphate 
11. Urea (К)  amethod of producing nitric acid 
12, со, ( _ green house effect 
SHORT ANSWER QUESTIONS 
125 (i) Write down the Fesonance structures of nitrous oxide. (UT 1985) 
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12.6 


12.1 


122 


12.3 


12.4 


12.5 


Gi) What happens when 
aqueous ammonia is added dropwise to a solution of copper sulphate until 
it is in excess. (IIT 1988) 
(iii) Ойа is dissolved in aqua regia. Give the balanced equation. (ПТ 1987) 
(iv) Name the gases produced in the following reactions : 
(a) A mixture of slaked lime and ammonium chloride is heated. 
(b А mixture of sodium nitrite and ammonium chlordie is heated. 
(c) Zinc is treated with dilute sulphuric acid. 
(d) Calcium carbonate is treated with dilute НСІ. 
(e) — Atmospheric O, and №, combine in the presence of sunlight. 
(у) . Write equaiions for the following reactions : 
1. Reaction of ammonia with chlorine. 
2. Reaction of ammonia with dioxygen. 
3. Reaction of dihydrogen on ferric oxide. 
4. Reaction of nitric acid on copper. 
5. Reaction of aqueous sodium hydroxide on boron. 
6. Reaction of hot aqueous alkali on silicon 
(vi) — State the difference between salt-like and covalent hydrides. 
(vii) ^ Why does elemental dihydrogen react with other substances only slowly at 
тоот temperature. 
(viii) How would your prepare dihydrogen 
(1) from water, (2) from a substance other than water, (3) metal and 
(4) heavy hydrogen ? 


; (ix) ^ Choose the acidic and basic anhydride of the following compounds. Give 


their rections with water; Na,O, P,O, SO,, ALO,. 
(х) (a) Nitric acid lying in a bottle appears yellow. Comment ? 
(b) In the laboratory preparation of HNO, gentle heating is advised 


Comment. 

L What are condensed phosphates ? 

2. Name two important minerals of boron with then formulae. 
a What are electron deficient compounds ? 

4. a) What happens when boron is treated with an acid ? 


b) Name the products which are obtained when boric acid is heated. 

Silicon does not form an analogue of graphite. Comment. ; 

How does silicon show a higher covalency than carbon ? 
TERMINAL QUESTIONS 

(a) How do the physical properties of metals differ from those of non-metals? 

(b) Compare the metals and non-metals with respect to (i) hydrolysis of ox- 
ides, (ji) reactior: with acids, (iii) combination with dihydrogen, and (iv) 
nature of chlorides. 

(i) Discuss the position of hydrogen in the periodic table. 

(ii) Name the various isotopes of hydrogen. 

(iii) ^ State the uses of dihydrogen and heavy water. 

(i) Justify the diagonal relationship between boron and silicon. 

(й) What do you understand by the term allotropy ? 

(iii) ^ State the uses of phosphorus and its compounds. 

Comment on each of the following : 

(i) NH, gas is collected by displacement of air in an inverted bottle. 

(i) ^ Dinitrogen cannot be dried over anhydrous CaCl, or P,O,. 

(iii) ^ Red phosphorus does not catch fire spontaneously. 

(iv) AgCI dissolves in aqueous ammonia. ч 

(v) Aqueous nitric acid is a strong acid. 

(vi) Traces of nitric acid are found in rain water after lightning. 

Give an evidence that can justify that the bond between the proton and an ammo: 
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On t^ 


12.6 


12.7 


12.9 

12.10 
12.11 
12.12 


12.13 


12.14 


12.15 
12.16 


12.17 


nia molecule is stronger than that between the proton and water. 
(a) Outline the chemistry involved in the production of nitric acid from ammo- 
nia. 


(b) List the possible reduction products of nitric acid. What factors determine 


which product will be formed when nitric acid is reduced ? 
(a) Account for almost complete absence of free dihydrogen in nature, 


ia 


(b) What happens to the electrical energy that is used in the electrolysis of ; 


water ? 

(c) Name three metals that will displace dihydrogen from (i) cold water, (ii) 
Steam and (iii) acids. Give the balanced equations for each. 

(a) Explain the following : 
(i) ^ The boiling point of NH, is higher than PH, and AsH,. 
(i) ^ Nitrogen does not form any pentachloride. 

(b) What is the structure of nitric acid in all the three states : gas, liquid and 
solid ? 


(c) How does the aqueous solution of HNO, differ from anhydrous HNO, 
Illustrate your answer, 


What are boron hydrides ? Name the simplest hydride and discuss its structure. 


Does the structure has any relation to that of elemental boron ? 
Describe the chemical reactions for each silicon and boron which could support 
their non-metallic character. 
Comment on the existence of the great variety of silicates in terms of the manner 
of linking of SiO, tetrahedra. 
What is glass? Give the various types of glasses? Describe briefly the method of its 
preparation. 
(a) Calculate the oxidation state of phosphorus in each of the followings : 
РО H,PO, H,P,0,, PH, and H,PO,. 
(b Compare the Properties of white and red Phosphorus. 
Give the chemical Properties of phosphorus and nitrogen which could illustrate the 
difference between them and their corresponding oxyacids (HNO, and H,PO,) and 
hydrides (NH, and PH,) 
What are condensed Phosphates? Support your answer with examples. 
(а) Why does Phosphorus acid from only two types of salts although its mole- 
cule contains three hydrogen atoms ? 
(b) | Comment on the nomenclature of the oxyacids of phosphorus. 
(c) How do you prepare orthophosphoric acid ? 
(a) What are artificial fenilizers? How do they differ from natural fertilizers? 
(b — What are Primary and secondary nutrients? 
) Give the outlines for the Preparation of CAN. 
ANSWERS TO SELF ASSESSMENT QUESTIONS 
0 a Giy c, Gii) a, Gv) d, (v) a, (vi) b, (vii) a, (viii) d, (ix) a, (x) d, (xi) a, (їй с, 
(xiii) a, (xiv) a, (xv) d, (xvi) d. 
O) — T, Gi) T, Gii) F, (iv) T, (v) T, (vi) F, (vii) T, (viii) T, (ix) F, (x) T, (xi) T, 
(xii) F, (xiii) T, (xiv) F, (xv) F, (xvi) Т, (xvii) F, (xviii) F, (xix) T, (xx) T. 
(i) Sodium hydroxide (ii) CO and H, (ii i iv) ni 
tion (v) ammonia (vi) boron hydrides (vii) diborane (viii) alkaline (ix) 
s yl ion. (x) hydrogen (xi) silicates (xii) (SiO )*- (xiii) 
Na,SiO,, CaSiO,, 4SiO, (xiv) phosphorus (xv) Condensed, two units, (xvi) 


2 
1 (d) 2 (c)3 (a)4 (с) 5 (к) 6 (h) 7 (0 8 () 9 (g) 10 (i) 11 (b) 12 (1) 
Шу NON E ое = К*—0- 
(i) To stan with a bluish white ppt. of Си(ОН), is obtained which dissolves in 
excess of ammonia and Bives a deep blue coloured complex, [Cu 
(NHj,ISO,.H.O 


Au + IINO, + АНСТ — — À y tau ci, + 3NO, + 3H,0 
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(iii) 


| 


12.6 


Gv) 
(у) 


(vi) 


(ii) 


(vii) 


(viii) 


(ix) 


(a) NH, (6) N, (©) Н, (d) CO, (e) NO and NO, 
і. 2NH, + 3C, —— ———» N, + 6н 
NH, + Hc!’ —————> МА 


NH, + 3 Cl —————> NC, + ЗНА 
(Excess) 
1073K 
2.) 4NH,+50, ——————> 4NO+6H,0 
Р 


(i) 4NH,+30, —————> 2N, + 69,0 
3. 0, +3 ——» Fe + 3H,0 
44) Со + 4НМО, ———> Cu(NO,), + 29,0 + 2NO, 
(Conc) 
(i) 3Cu+8HNO, ——————» 3Cu(NO,), + 4H,0 + 2NO 

5. 2B + 6Na0H ———————>_ 2Na, BO, + ЗН, 
6. Si + 4NaOH ———————>_ Na, SiO, + 2H, 
(i) Salt like hydrides are jonic in nature. They have properties that are 
characteristic of an ionic compound. They are formed by the alkali and the 
alkaline earth metals except Be and Mg. 
Covalent hydrides are formed by p-block elements. They are usually 
gases or volatile liquids under normal conditions. The bonds are not sig- 
nificantly polar. Boads are generally formed by electron sharing. 
This is because of its very high bond dissociation energy. 
1. By the reaction of sodium over water 

2Na + 2H,0 —————> 2NaOH + Н, 

Also by the reaction of water over coke. 

1270K 

C(s) + Hg) —————> СОВ) + Н, 
2. As a by-product in the electrolysis of brine solution (conc. NaCl 
solution) for the manufacture of NaOH. 
3. By the action of dilute H,SO, on granulated zinc metal. 

Zn(s) + H,SO,(aq) ————> ZnSO,(aq) + H,(s) 
4. By the electrolysis of heavy water which is obtained by the pro- 
longed electrolysis of acidified water. 
М№а,О Basic; Na,O + Ho —» 2Na0H 
P,O, Acidic ; PO, + eO ar an ie 4H,PO, 
SO, Acidic; SO, + Н НБО, 
А1,О,. Amphoteric; it reacts both with acids and alkalis. 
(a) Conc. HNO, is yellow due to dissolved NO, produced by its photo- 
chemical decomposition. 
(b) Nitric acid is often decomposed by heat of reaction and the NO, 
formed dissolves in acid, making it yellow. 

4HNO; ТҮ 4NO, + 2H,0 + O, 
When two or more PO, units join together, a product called condensed 
phosphate is obtained. 
(i) Borax, Na, B,O,(OH), 8H,0 
(ii) Colemanite Ca, [B,O,(OH),],-2H,0 
А compound in which the number of electrons around the central atom is 
less than eight, e.g., BX, = CI, F, Br, I). Such a compound has a ten- 
dency to accept a lone pair of electrons. 

X,B 4————» NHR 
(a) Borax on treating with an acid gives boric acid. 

Na,B,O, + 2HCI + 5H, —————_> 2NaCI + 4H,BO, 
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0) HBO, —___, HBO, —  — x Bo 
d -H,O Metaboric acid Boric oxide 

The graphite structure is not adopted by the element because of the inabil- 

ity of the atoms to form PX — px with each other. 

Silicon utilizes its 3d orbitals which are vacant for bond formation, eg. 

SiFj- 
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UNIT 13 


Chemistry of Non-Metals - II 
(Oxygen, Sulphur, Halogens and the Noble Gases) 


ЕЕЕ ЕЕ: са L 
Nothing is created ош of nothing, By necessity were foreordained all things that 


were and are to be. 
Aa Democritus 
UNIT PREVIEW 
13.1 Introduction 
13.2 Oxygen and sulphur - general characteristics 
133 Oxygen 
134 — Simple oxides 
13.5 Ozone 
13.6 Water and hydrogen peroxide 
13.7 — Sulphur 
13.8 Compounds of sulphur : H,S, oxides of sulphur - SO, and SO,, sulphuric acid and 


sodium thiosulphate 


13.9 Halogens 
13.10 — Compounds of halogens : interhalogen compounds, hydrogen halides 
13.11 Noble gases 
Self assessment questions 
Terminal questions 
Answers to self assessment questions 
LEARNING OBJECTIVES 
At the completion of this unit, you should be able to : 
1. Differentiate between metals and non-metals with reference to their physical 
; characteristics. 
2 Classify the oxides - acidic, basic or neutral - of metals and non-mentals ori the basis 
of their reaction with water. 
3. Characterize the non-mentals on the basis of their chemical properties, ¢.g., reaction 
with acids, etc. 
4. Understand the concept of allotropy seen among various non-mentals. 
5; Give reasons for the inert nature of noble gases and extremely reactive behaviour of 
halogens lying close to them. 
6. Give the principal sources and common methods of preparation of the noble gases, 
the halogens and the chalcogens. 
7. Compare the manner in which the individual members of each of the groups of 
elements differ from the another. 
8. Describe the general reactivity of the elements of each group and the behaviour of 
y their compounds. 
9. Describe. the various aspects of water including ice, and hydrogen peroxide and 
ozone, 
10. Explain the working principle of Kipp's apparatus employed for the preparation of 
S gas. 
11. aie а few reactions of H,S suggesting its use for qualitative inorganic analysis. 
12. Explain the principle involved in the contact process for the manufacture of sulphuric 
acid. 
13; Describe the nature of sulphuric acid on the basis of its reactions. 
14. Give evidences in the support of non-metallic behaviour of the elements included in 
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13.1 INTRODUCTION 


In the Unit 12, you have learnt the chemistry of hydrogen, boron, silicon, - 


nitrogen and phosphorus: Following these elements are a few groups which 
include elements of diverse nature, e.g. oxygen and sulphur (group 16); 
halogens (group 17); noble gases (group 18). All these elements constitute 
p-block elements, about the general behaviour of which we have already 
discussed in Unit 12. 

Group 16 elements are called chalcogens. This name was derived from 
the Greek name for copper, since most of copper ores contain members of 
the group. Although, there are many similarities among the members of the 
family, more irregularities exist than among the halogens, and this is 
especially true for oxygen. Halogens are the most reactive of the non-metals 
in their respective rows of the periodic table and, except for the noble gases, 
have the highest electronegativity in each row. 

Noble gases provide a bridge between the strongly electronegative 
halogens (group 17) and the strongly electropositive alkali metals (group 1). 
You remember that Mendeleev had not provided any place for this group of 
elements. The chemical inertness of these elements led the earlier workers 
to suggest that they be included in the Mendeleev’s periodic table by an 
expansion of that table to include a group ‘0’ (now group 18) after halogens. 
Their stability has played an important role in the development of periodic 
table and the concept of the chemical bond. 

Alongwith the chemistry of non-metals listed in this unit, we shall also 
Study the manufacture and uses of the some industrially important 
chemicals, such as, hydrogen peroxide, sulphuric acid, hydrohalic acids, etc. 
13.2 OXYGEN AND SULPHUR—GENERAL CHARACTERISTICS 

Tn this unit, you will study the chemistry of oxygen and sulphur which 


belong to group 16 of the periodic table. These two elements and the other · 
members of the group show less electronegative character than the halogens. ` 


Similar to the other groups, metallic character increases with increasing 
atomic masses. Oxygen and sulphur are non-metallic, The properties of 


oxygen usually differ significantly from sulphur and the other members of 


the group because of the absence of low energy d orbitals, 

The valence shell electron structure for group 16 elements is ns?np* and 
all show tendency to gain or share two additional electrons in many of their 
compounds. All the family members from compounds of the type H,E (E = 
O,S, Se, Te) wherein the oxidation state of E is—2. As you have seen in 
Unit 12, oxygen can bond lo a maximum of four atoms but sulphur and 
other members of the family can bond covalently to as many as six other 
atoms, e.g., ЅЕ,. The availability of vacant d orbitals is responsible for this 
phenomenon. The positive oxidation states do not occur for oxygen because 
of its high electronegativity, Completion of the octet of electrons in the 
valence shell of oxygen is achieved by (i) forming the dinegative oxide ion 
O% (solid state only) (ii) exercising a covalency of two single bonds, e.g 
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H—O—H or (iii) forming a double bond with other atoms, e.g., O = C =O 
(also S=C=S). Sulphur and other elements also form M?- ions but only 
with the most electropositive elements, e.g., Na,S. Elements other than 
oxygen also form compounds of the type H—O—H, but with decreasing 
stability down the group. Oxygen can also complete its octet by gaining one 
electron and then by forming one bond, e.g. OH~. Other elements also form 
such ions. e.g., SH-, ScH-, TeH- but decrease in stability. Oxygen is 
smaller and more electronegative than sulphur and the other elements. As a 
result, oxygen compounds are more ionic than that of sulphur. Its 
electronegative nature is also responsible for the presence of hydrogen 
bonding in water, which is almost completely absent in hydrogen sulphide. 

The presence of hydrogen bonding changes the properties of the 
compounds significantly (Unit 6). Table 13.1 gives the comparative studies 
of the properties of the members of oxygen family. 


TABLE 13.1 Properties of the oxygen group elements 


Property о S^ Se Te 


Atomic number 8 16 34 52 


Electron structure 2s*2p* 3523р* 3d'%4s*4p* 4d!95s?5p* 
(Valence shell) 

Covalent radius 

double bond 62 94 107 127 
single bond 66 104 117 137 
Ionic radius, М? (рт) 140 184 198 221 
Electronegativity 3.5 245 2.5 2.0 
Electron affinity, M*-, — 700 —330 — 406 — 
(kJ mol), М! 141 196 — — 
Ionization energy, Ist 1314 1000 941 869 
(kJ mol—') 

Density (g/cm?) 1.14 2.07 4.79 6.25 
Melting point (K) 55 392 490 723 
Boiling point (К) 90 717.6 957.8 1663 
Oxidation states —2 —2,2,4,6 —2,2,4,6 —2,2,4,6 
Abundance (ppm) 466000 520 0.09 0,002 
Bond energy, M-M 395 214 184.8 138.6 
(kJ mol") 

13.3 OXYGEN 


Scheele discovered oxygen some time during the period 1771-3 but did 
not not disclose about his discovery until 1777. In the meantime, Joseph 
Priestley prepared dioxygen on Ist August, 1774 by heating mercuric oxide 
with sun rays. He also produced dioxygen by heating red lead. Priestley 
related his discovery to Lavoisier, who considered its significance in 
relation to his own work - combustion, respiration and calcination of metals. 
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Lavoisier recognized the gas as an element, finally naming it oxygen 


a 


(Greek, oxys means sour or acid, genon means to form) as the products of E 


combustion appeared to him to be acidic. 
Oxygen is the most indispensible of all the elements for almost all forms 


of life. Living organisms derive energy for their vital functions through — 


oxidation of substances by oxygen in their body or through respiration. 


Oxygen is a typical non-metal. It has 6 electrons in the valence shell, - 
Oxygen is a diatomic molecule. It exists in the form of discrete molecules. — 


Two oxygen atoms are joined together by double bonds (Unit 6). 


Dioxygen is unique among diatomic molecules. It contains an even - 


number of electrons (16) but two of them are found to be unpaired (spin 
free). Dioxygen is, therefore, paramagnetic (Unit-6). 
13.3.1 Phlogiston Theory and The Discovery of Oxygen 

In 18th century, many chemists believed that any thing that burned 


contained a substance called phlogiston (from the Greek "word to set on 


fire"). Phlogiston might be considered to be fire itself. Later combustion 


was considered simply the release of phlogiston from the combustible - 


substance into the air. i 
Combustion 
Metal (calx + phlogiston) ————› Сах + Phlogiston 


Its existence could be established by burning a substance and noting that. 
in the process it has lost its weight, Priestley had prepared dioxygen by — 


heating mercuric oxide with sun Tays. The gas was found to help a candle to 
burn more brightly than in airs it was named *dephlogisticated air". 
Lavoisier carried out a series of experiments,’ His careful quantitative 
experiment on combustion led him to realize that metals like zinc, mercury 
‘and non-metals like sulphur and phosphorus gain weight on burning. 


Accordigly he gave a new hypothesis as an alternate to phlogiston: — 


“Combustion is the combination of the combustible substance with dioxygen of the alr 
rather than a decomposition of the combustible substance into phlogiston and calx. ” 
Thus, the reduction of an oxide by charcoal (carbon) involved the transfer of 


oxygen from the oxide to the carbon to form oxides of carbon leaving the | 


‘deoxygenated’ or reduced metal. 
Metal oxide + Carbon — —, Metal + Carbon oxides 


Lavoisier also subjected red specks of mercury to thermal decomposition. — 


As a result, he obtained a gas which could Support combustion better than 


air and a liquid metal, mercury. Since this gas could not be decomposed ` 


further, he realized that it must be an element and named it oxygen. 
2HgO (s).— —» 2Hg(1) +0 
13.3.2 Occurrence i a 


Oxygen occurs in the native state in the atmosphere as diatomic 
molecules, O (g) forming about one fifth of atmosphere by mass. Oxygen 
comprises nearly 50% of the mass of the earth’s atmosphere and crust. It 
Occurs in water (89% of the mass) over 70% of the earth’s surface including 
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the important oxides. Examples of compounds in which oxygen is present 

in the oxyanions are nitrate, NO, ; carbonate, CO, ; Sulphate, $0; 45 
"m фу, 6 

orthophosphate, РО, ; and silicates SiO, 

Atmospheric oxygen containes the three isotopes of oxygen: О, ЧО and 
180. In the upper atmosphere, a small amount of atomic oxygen is formed 
due to the action of ultraviolet light from the sun and the cosmic rays 
causing dissociation. Atomic oxygen combines with dioxygen to form 
ozone. 

0,(g) + ЪУ——э 20(g) + energy 
O,(g) + O(g)——9 O,(g) 
Almost all of dioxygen present in the atmosphere is believed to be the 
product of photosynthesis by green plants. 
nH;O-«CO0; "net (CH0) + nOxg) 
Chlorophyll 
13.3.3 Allotropy in Oxygen 

Oxygen has two allotropes, ie, dioxygen (Oj and ozone (0. 
Dioxygen is the usual and most abundant form of oxygen. It has a special 
significance for life on earth. Ozone is mainly present in the upper part of 
the atmosphere. It is formed by the action of ultraviolet rays on dioxygen. 
It exists as triatomic molecules. 

13.3.4. Preparation of Dioxygen 

Dioxygen is prepared in the laboratory by heating a mixture of potassium 

chlorate and manganese dioxide in the ratio of 4 : 1. 
2KC103(s) Hea — КС1()+3Ол!®) 
MnO», catalyst 

The thermal decomposition of KC10, takes place at high temperature, 
670-720K. In the presence of manganese dioxide, KC10, decomposes at a 
comparatively low temperature. It is collected in gas jars by the downward 
displacement of water (Fig. 13.1). 

POTASSIUM CHLORATE 


AND MANGANESE 
DIOXIDE 


Fig. 13.1 Laboratory preparation of dioxygen 
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| Other oxygen rich compounds like KMnO,, NaO,, etc. can also be 
employed for the preparation of dioxygen. Dioxygen is obtained 
commercially by liquefaction of air and subsequent fractional distillation of 
the liquid to separate O, from №. Very pure dioxygen is produced by 
electrolysis of water. 


The methods by which dioxygen can be produced in the laboratory and 
on a industrial scale are summarized in Fig. 132. 


KCIO, 


AIR 
(i) COOL TO REMOVE H,O AND CO, 
(ii) LIQUEFY 
& LIQUID AIR 
(N,+0,) (b.p OF N, 77K; 
=p. OF О, = 90K) 
FRACTIONAL 
DISTILLATION 
COMMERCIAL 
METHOD 
' 488K-508K KMnO, 
aee HUI IIo f 
HEAT (REORYYSTALLIZED) 
-——— — 
Ag,O, HgO | 
(OXIDES OF LESS 
ELECTRO 
% POSITIVE 
^ METALS ARE 
НЕК REDUCED) 
CATALYST 
MnO, 24 
LAB. PREPARATION 
| 
\ 


Fig. 13.2 Flow chart diagram showing the 
various methods of. preparing dioxygen. 


destroying organic wastes present in water bodies. 

It does not burn but supports combustion. Dioxygen is very active and 
combines with many other elements both metallic and non-metallic forming 
binary compounds known as oxides. The reaction between metals and 
dioxygen is slow because of the high bond dissociation energy of О, (> than 
that of Н,). Hence, the reaction requires strong heating or initiation by 
external heating. 

Most of its reactions with metals and non-metals are highly exothermic. 
This liberated heat is sufficient enough to take the reaction to completion. 
Dioxygen combines with a large number of compounds. 

On passing electric discharge through purified dioxygen gas diluted with 
argon atomic oxygen is produced. 

Table 13.2 includes the properties of atomic and molecular oxygen. 


TABLE13.2 Atomic and Molecular Properties of Oxygen 


Atomic radius (pm) 73 
Tonic radius (O?—) (pm) 140 
Electronegativity 3.5 
Electron affinity (kJ mol-!) 141 
Ionization energy (kJ тої!) 1314 


Melting point (K) 
Boiling point (K) 90 
Density (g/cm?) at 298K 1.14 
Internuclear distance (pm) 120.7 
Bond energy (kJ mol—') 493.4 


1. Combustion of Non-Metals in Dioxygen 
Dioxygen reacts directly with all other non-metals except the noble gases 
and the halogens. A small piece of burning phosphorus burns with a 
brilliant flame in the presence of dioxygen producing a dense white smoke 
of oxides. 
P,(s) + 30,(g) —— Р,О,(8) 
P,(s) +, (Excess) 50,(g)—— P,O,,,(g) 


Sulphur burns with a pale blue flame much more brightly in the 
atmosphere of dioxygen to give SO, gas with a choking smell 
S(s) + O(g) —— 50,8) 
А small lump of carbon heated to red heat glows more brightly іп the 
presence of dioxygen forming carbon monoxide or carbon dioxide. 


C(s) + О, (g) —— 2СО (в) 
C(s) + О, (g)——-» 2CO, (g) 
Dioxygen reacts readily with dihydrogen forming water. 
. 2H, (в) + О, (g) — 2H,0 (1) 
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2. Combustion of Metals in Dioxygen 
Active metals and some other metals burn in dioxygen. Noble metals 
such as gold, platinum, etc. are immune to dioxygen. A small piece of 
sodium, burning with a yellow flame, burns much more brightly in the 
presence of dioxygen giving sodium peroxide (pale yellow solid) 
: 2Na(s) + O(g).——— Ма,О, (s) 
Preignited magnesium burns even more brightly forming a white powder of 
magnesium oxide. 
2Mg (s) + O, (g)——— 2МрО (s) 
Dioxygen combines slowly with copper and mercury on heating. It reacts 
spontaneoulsy with lead (molten form), on heating, forming lead monoxide. 
3. Combustion of Compounds in Dioxygen 
Many compounds when they are burnt or roasted in dioxygen form the 
oxides of their constituent elements. Sometimes dioxygen combines with 
the compounds as a whole, e.g., 
2BaO (s) + О, (g) — 2BaO, (s) 
Hydrocarbons burn in dioxygen giving a mixture of carbon dioxide and 
steam. 
CH, (g) + O, (g).——— СО, (g) + 29,0 (g) 
Some other organic compounds form carbon dioxide and steam with 
dioxygen. 
C,H,OH(1) + О,(в)———› 2СО, (g) + 3H, (g) 
(Alcohol) 
Сынын (s) + О, (g)—— 12СО, (g) + 11H,0 (g) 
ugar 
Carbon disulphide and hydrogen sulphide, when burnt in a plentiful supply 
of dioxygen, yield sulphur dioxide. 
CS, (1) + 30, (g) —o СО, (g) + 280, (g) 
2Н,5 (р) + 30, (g > 2Н,0 (р) + 2SO, (g) 
Metallic sulphides when roasted in air (or O,) give sulphur dioxide and the 
metal oxide. 
2ZnS(s) + 30, (g) ——9 2ZnO(s) + 2SO, (g) 
(This type of reaction is useful in the extraction of metals) 
Dioxygen oxidizes some other compounds also. For example, ammonia, 
when burnt in oxygen, yields dinitrogen and steam. 
4NH,(g) + O, (g)———9 2N, (g)  $H,O (g) 
More examples: 
2NO (в) + О, (8)— 2NO, (g) 
4FeSO,(aq) + 2H,SO, (aq) + О, (g)—— 2Ее,(50,) (ад)  2H,O (1) 
Dioxygen oxidizes some compounds in the presence of a catalyst. 


2$О, (g) + О, (g) н» 250, (g) 
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Cucl, 
4HCI (р) + О, (8) :—— 2H,0 (g) + 2Cl, (g) 
4NH, (g) + 5О, (g) e 4NO (g) + 6H,O (g) 
Some typical reactions of dioxygen are portrayed in Fig. 13.3. 


COMPLEXES WITH HAEMOGLOBIN 
IN THE BLOOD, OXIDIZES 
CARBOHYDRATES IN THE BODY TISSUES 


CO,(g) + H,O (9) 


CO (9) 
Na, О, (5) SOME OF THE [шег Oe 

| с -METALL 2 
aO (s) METALS кз» ане: SONO) 


MgO (s) BURN IN THEPRESENCE 


Al, О, (5) OF AIR (O,) Q NO, 
Zn O (s) О» 29) 
25 7 
4*3 MUS % loj 
BO “RIN 
CO, (g) + SO, (9) RON ^ №, (9) 
DA N RoW 
SO,(g) + ZnO RA see 
HYDRO a 
CARBONS 


BURN IN AIR (O,) 
| CO, (g) + H,O (9) 
| Fig. 13.3 Some Typical reactions of dioxygen. 


13.3.6 Uses of Dioxygen 
Most of the uses of commercial dioxygen are based upon its oxidizing 
nature. Some of the important uses are listed below: 
1. In the manufacture of nitric acid, methyl alcohol, ethylene oxide and 
other chemicals. 
2. As a propelling fuel in rockets, satellites, missiles, etc. in the form of 
liquid oxygen. 
3. In oxy-acetylene torches for the high temperature welding and cutting 


of metals. 


4. In bleaching and in thickening of oils used in making varnishes, 


linoleum, etc. 


5. In making explosive cartriges by mixing it with carbon dust to be used 


in coal mining in place of dynamite. 
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Mountaineers, astronauts, dep sea divers and miners, etc. take self-contained 
oxygen equipment for breathing. 


9. Used as an aid to respiration in medical and dental practice, Jt is 


along with dioxygen. 
13.4 SIMPLE OXIDES 

Almost all the elements form binary oxides, These oxides may be 
classified on the basis of their Properties: (i) acid-base character, (ii) 
Structure, (iii) nature of bond and so on. 


Cu(OH), => СЮ но 
CaCo,—___, Сао + Со, 
Мр (NO, ; ——29 2MgO + 4NO, +0, 
The oxides of Some non-metals and weak metals are formed by the 
Oxidation of element with nitric acid, e.g., 


C+ 4HNO,— y CO, +4NO, + 2H,0 


the more Strongly acidic the Oxide (most covalent state) lower oxides being 
Successively more basic in character, This is expl 
chromium: 
Chromium (II) oxide, CrO, Basic 
Chromium (Ш) Oxide, CrO,, Amphoteric 
4 


lom 


—: 


Chromium (IV) oxide, CrO,, Acidic 


INCREASING ACIDIC CHARACTER ==» 
METALLOIDS 


METALS 


=— INCREASING BASIC CHARACTER 
S1V13W-NON 


BASIC OXIDES AMPHOTERIC ACIDIC OXIDES 

OXIDES (EXCEPT CO, 

NO, N,O. Fe,O) 
(PARTIAL SHADING EXHIBITS ONE OXIDE AMPHOTERIC WHILE THE 

OTHER IS BASIC OR ACIDIC) 

Fig. 13.4 (i) Acidic and basic properties of the representative elements 

(ü) Classification of the elements as metals, metalloids and non-metals 
on the basis of acid-base character of their group oxides. 
(i) Basic Oxides ; 

The basic oxides are those which have been shown by X-ray studies to 
contain discrete @ ions (present in normal oxides, e.g., MgO, SiO,) in their 
crystal lattice. These oxides are mainly of two types: 

(a) those which react with water (e.g, СаО, Na,O) producing OH (aq)— 
are generally simple ionic lattices containing О; ion, though some members 
of groups 1 and 2 form peroxides, (O — Oy and at times superoxides , 
(0.-0) 

(b) those which are insoluble in water (e.g., MgO, ALO,, SiO.) usually 
dissolve in dilute acids. 

MgO + 2H' ——— Mg” + H,O 

These oxides generally possess macromolecular structures in which the 
bonding is covalent. 

Metals form ionic oxides which are basic in nature. Most of the oxides 
are solids with high melting and boiling points. They react with an acid to 
form a salt and water. 
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Na,O(s) + 2НСІ (ag)——— 2МаС1 (Salt)(aq) + Н,0(1) 
(Oxide) (Acid) 


Also, the basic oxide reacts with water forming a hydroxide. The 
hydroxide itself also reacts with an acid to form a salt and water. 
Na,O(s) + H,O(1) > 2NaOH (aq) 
Sodium oxide Sodium hydroxide 
2NaOH(ag) + H,SO, (ag)——— Na,SO,(aq) + 2Н,0 (1) 
(Hydroxide) (Acid) (Salt) 
(ii) Acidic Oxides 

Most non-metals form acidic oxides. They normally exist as covalent 
gases or liquids which attain molecular lattices in the solid state (e.g., SO,, 
CO,). They react with water to form H*(aq). 

Non-metals form covalent oxides which are either acidic or neutral. 
These oxides react with a base to form a salt and water. 

So,(g) + 2NaOH(aq) > Na,SO, (aq) + HO (1) 
(Oxide) (Base) (Salt) 

Most of the acidic oxides react with water to form the corresponding 
oxyacid. They may, therefore, be regarded as derived from acids by 
eliminating water; they are known as acid anhydrides. The acid itself reacts 
with a base to form a salt and water. 

CO, (g) + H,O(1)—_> HCO, (aq) 

Carbon dioxide Carbonic acid 

SO, (в) + H,O(1) —— H, SO, (aq) 

Sulphur trioxide Sulphuric acid 
H,SO, (aq) + 2NaOH(aq)— — Na,SO, (aq) + 2H,O(1) 


(Acid) ^ (Base) (Salt) 
(iii) Amphoteric Oxides 


These oxides react both with Strong acids and strong bases: 
ALO, + 6H*(aq) ——— 2АР* (aq) +3H,O 
ALO, + 20H- (aq) + 3H,0——— 2[AI (OH)]- 


Other examples are ZnO, SnO, SnO,, PbO, PbO, and Cr.O,. 
(iv) Neutral Oxides 


Some oxides e.g., N,O, MnO,, OF, depict no acid-base properties. They 
are also termed as inert oxides, 


Water, à simple compound, is an oxide of hydrogen and at the some time 
a hydride of oxygen, Its chemistry will be discussed later in this unit. 
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13.5 Ozone 

Ozone, an allotrope of oxygen, plays a vital role in maintaining life on 
the earth beceuse of its ability to absorb ultraviolet radiations. In the 
process of absorbing ultraviolet radiations, о, molecules decompose with 
the evolution of heat energy, and maintain the heat equilibrium in the 
atmosphere. Thus, it protects the earth and its inhabitants from the harmful 
ultraviolet radiations of the sun. Ultravoilet radiations cause damage to 
plant and animal life. 

The formation of ozone from dioxygen is an endothermic reaction in 
which the energy may be furnished in the form of an electrical discharge, 
heat or ultraviolet light. At high altitudes (stratospheres, i.e. the region of 
the atmosphere extending from the surface of the earth to an altitude of 
about 20 km), ultraviolet light from the sun dissociates some O, into atoms 
which in tum combine with dioxygen to form ozone. 


30,— 20, AH (298K) = 1427 KJ mol 
When dry dioxygen is passed between the two electrically charged plates 


of an -apparatus called ‘Siemen’s ozonizer’ (Fig. 13.5), a pale blue gas, 
ozone having pungent odour is formed. 


TIN FOIL 


=O, 


TIN FOIL INDUCTION 


COIL 


a0, ОБ 


Fig. 13.5. Siemen's ozonizer for the preparation of ozone 


Another apparatus used the purpose is called Brodie's ozonizer. In this 
apparatus, tin foils used in Siemens' ozonizer have been replaced by dilute 
H,SO, (Fig. 13.6). The copper plates dipped into dilute H,SO, are 
connected to an induction coil. Thus, dioxygen is subjected to silent electric 
discharge. 


13.5.1 Properties and Reactions of Ozone фу. 
Ozone is a pale blue gas with pungent odour. It is liquefied to a deep 


blue liquid (Б.р. 1612K) which can be solidified to violet-back crystals 


617 


COPPER 
PLATES 


DILUTE 
H, SO, 


Fig. 13.6 Brodie's ozonizer for the preparation of ozone 


(m.p. 80.6K). It is highly reactive and unstable (substances formed by 
endothermic reactions tend to be less stable than those formed by 
exothermic reactions). It is explosive at temperatures above 573K or in the 
presence of substances such as manganese dioxide or silver oxide, that 
catalyze its decomposition to dioxygen. 

Ozone reacts with many substances at temperatures which are not high 
enough to initiate reaction with O,. Its high reactivity (more than 0j) is 
because of its higher energy content. 

1. Oxidizing Reaction: O, is a stronger oxidizing agent than O, 

(O, + 2H*  2e-— — О, + H,O) 
Thus, it oxidizes lead Sulphide to lead sulphate, iodide ions to iodine and 
ferrous ions (II) to ferric ions (III). 
PbS(s) + 40, — PbSO, (s) + 40, (g) 
2KI(aq) + H,O(1) + O,(g)— — 2K OH (ад) + L (g) + О, (g) 
2Fe* (aq) + 2H*(aq) + 0,06) —— 2Fe?*(aq) + H,0() + О, (g) 
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The oxidation of potassium iodide by ozone has been used for the 
estimation of ozone. 

Silver and mercury are not attacked by air at ordinary temperatures 
whereas both are oxidized superficially in the ozone atmosphere. Halogen 
acids are oxidized to the corresponding halogens. 

2HCI (ад) + О,(в)———› CL (g) + Н,0(1) + О, (g) 

Potassium manganate (K,MnO,) is oxidized to potassium permanganate 
(KMnO). 
2K,MnO,(ag) + H,O (1) + O,(8)}—> 2KMn0, (aq) + 2KOH(aq) + O,(g) 

Moist iodine is oxidized to iodic acid, HIO,. 

L + 50, + HO——> 2HIO, + 50, 

Dry iodine is, however, converted to a yellow powder, LO,. In a similar 
way moist sulphur, phosphorus and arsenic are oxidized to their 
corresponding oxyacids with the highest oxidation state. 

2. Addition Reactions: Ozone adds on to unsaturated organic compounds 
forming ozonides. These ozonides are reductively cleaved by Zn/H, O 
producing aldehydes (or ketones).Ozonides can be decomposed by water or 
dilute acids producing aldehydes (or ketones) and H.O,. 


b cH, vcri ira сн, 
|! 
И 
|| +0, — _———> HCHO 
| ә 9 
E: 
cH, 
Ethylene Ethlene ozonide 


Ц 
о 
Ваа see 
CH, — CH, — CH = CH, + 0, —— CH, — CH, — CH D. PUO 


——— 


aie 
1 — Butene CH, CH, CHO) * HCHO 


This reaction is known an ‘ozonolysis’. The products obtained on 
hydrolysis help in fixing the position of the double bonds in unsaturated 
organic molecules. Р j à 

3. Reaction with Peroxides: Ozone reacts with barium peroxide and 
hydrogen peroxide. During the reaction both peroxide and O, get reduced. 

BaO, + 0,—— BaO + 20, 
0,.40,——H0*20, . 

The oxidation of е causes mercury to tail (or stick to glass) and is 

used as a test for the presence of ozone. 
2Hg + O,—— (Hg * HgO) * O; 
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Fig. 13.7 Flow diagram for the preparation of ozone and 
its typical reactions 
13.5.2 Uses of Ozone 
1. Ozone is used as germicide and disinfectant to sterilize water. 
2. It is used for the purification of air in crowded places - underground 
railways, mines, cinema halls, etc. 
3. It is a mild bleaching agent - used to bleach wax, oils, starch, fabrics, 


etc. Its use as bleaching agent involves the oxidation of coloured materials 
to colourless compounds. 


13.5.3 Structure of Ozone 

Ozone is diamagnetic and has an angular structure. Both oxygen to 
oxygen bonds have the same length (128 pm) which is intermediate between 
the double bond distance (110 pm) and single bond distance (148 pm) The 
molecule may be represented as a resonance hydrid. 


Q0 40 


i=) (>) 
13.6 WATER AND HYDROGEN PEROXIDE 
13.6.1 WATER 


Water besides being plentiful and cheap is a highly interesting and 
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unique substance from chemical point of view. Water the most abundant 
liquid in the biosphere, is essential to all forms of life. Apart from being 
essential to life, it plays a very important part in the economy of a country. 
It is found everwhere on the earth in its various forms. Water fills 
depressions of the earth's crust to form lakes seas and oceans. It covers 
about 80% of the earth’s surface. Huge accumulations of ice and snow 
cover the polar regions of the globe ‘tad peaks of high mountains. Water is 
always present in air in the form of vapours. Small water droplets form 
clouds that precipitate as rain to wet the soil and to feed springs, lakes and 
rivers. Thus, in nature water is found in all the three phases-solid, liquid, 
and gas. 
TABLE 13.3 Water content in various systems 


NEED E S ТА а. ee 


Systems Water content by % mass 
Mou ЛА RAM UH e ee оаа 
Oceans, lakes, rivers, etc more than 95% 
Human lives about 7096 
Trees about 6096 
Trapped in rocks (e.g. gypsum) about 20% 
Air about 1-2% 


Of the total estimated global water supply of 1.4 x 10° km’, the seas and 
inland saline water bodies hold 97.3% and fresh water amounts to 2.7%. 
Most of the fresh water is confined to frozen lakes, glaciers or under the 
ground. Only 0.003% of the total global water supply is available for 
human use. 

Water never stays in one place for long. The heat energy warms oceans, 
streams, lakes and rivers and water evaporates into the atmosphere. When 
the air cools down, water vapours condense into water droplets which form 
clouds. When the droplets grow in size, they fall as rain or snow. Again, 
the water flows back into rivers, oceans, lakes, etc. completing a cycle 
called water cycle. 

Water consists of two parts of hydrogen and one part of oxygen (Unit 10, 
electrolysis of water). Until the end of the 18th century, water was believed 
to be an element. Joseph Priestley got dew formed when he exploded a 
mixture of dihydrogen and air. But he thought this was due to water vapour 
present in air. Henry Cavendish repeated his experiments. As a result, he 
got a liquid assumed to be water. He delayed the publication of his results 
because of some inherent problems with the sample of water. Meanwhile, 
the French scientist, Lavoisier on the basis of his experiments - the burning 
of dihydrogen - realized thz- water must be a compound of hydrogen and 
oxygen. Lavoisier publizaei this information without acknowledging his 
debt to the work of Cavendish. 
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Hydrogen peroxide (Н,О,) is another hydride of oxygen which is very 
different from water in its Properties. It was discovered by Thenard in 1818. 
It is formed in trace quantities by the action of sunligut on water containing 
dissolved dioxygen. 

Structure of Water Molecule and its Aggretates 

The characteristic properties of water - remarkable solvent, high boiling 
point, high heat of vapourization, and abnormally low vapour pressure - 
including the low density of ice are closely related to the structure of water 
molecule. These properties have a Staggering influence biologically and 
environmentally. 


Water molecule contains two E. 
hydrogen atoms joined to an oxygen О 
atom by covalent bonds. In the ор 
vapour phase it is found in discrete ч 
from. Water is a V-shape molecule, 104: 27 


the two bonding pairs and two lone 

pairs of electrons being arranged 

tetrahedrally round the oxygen atom. 

The structure of water molecule has 

been discussed in details in Unit 6. 

The atoms in the water molecule are 

held together by two polar bonds 28- 
because of the electronegativity 4 
difference between oxygen and 


о 
hydrogen. The molecule is polarized 
because of the high electronegativity 
of the oxygen atom, partial +ve 
charges (8°) residing оп each 


hydrogen atom and a -ve charge (8) 8-H 
on the oxygen atom. 


into simpler ones. 


Association of water molecules is responsible for the distinct properties of 
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water listed in the beginning of this section. Abnormally low vapour 
pressure, high boiling point, high heat of vapourization amd high heat of 
fusion of water as compared to the properties of non-associated hydrides of 
the group 16 arise by the fact that energy is required to break the hydrogen 
bonds holding the units together in the associated molecules. 

Crystal chemistry has shown that water molecules in normal hexagonal 
ice are so arranged that each oxygen atom has four hydrogen atoms as close 
neighbours, two attached by electronipair bonds and two by hydrogen bonds 
(Fig.13.8, Unit 6) : The distance between adjacent oxygen atoms is 276 
pm, more than twice the O-H 
distance of ~ 96 pm in gaseous water 
molecules. Such an arrangement of 
water molecules in ice leads to an 
open structure which accounts for the 
fact that ice is less dense than water 
at 273K. When ice melts, the regular 
lattice breaks up and the water 
molecules can pack more closely and 
H so the liquid has a higher density. As 
| «ПУН the temperature increases, the density 
о 


ae 


eb 


0—zr----- 


ч 
\ 


"me i 5/5 Non increases gradually reaching a 
maximum at 277K. Thereafter, 

| increasing thermal motion of 

o molecules becomes more pronounced 

“н and the density decreases with 


temperature as seen with most of the 
Fig. 13.8. The open structure of ice. liquids. 

The fact that the ice is less dense than water at 273K means that lakes, 
ponds, etc. freeze from the surface downwards and the layer of ice insulates 
the water below, preventing complete solidification. Because of its low 
density, ice floats on water. This delays the freezing of underlying water and 
thus fishes, aquatic plants and other water-living creatures survive during 
the winter months. 

Physical Properties of Water 

Pure water is an odourless, tasteless and colourless liquid. Natural waters 
have a bluish green colour in large bodies. Its pieasant taste is due to 
dissolved gases from the air and salts from the earth. 

The freezing point of water is 273K and its boiling point at 760 mm Hg is 
373K. Water is a polar solvent; it is equipped with the property of high 
dielectric constant of being able to dissolve many ionic solids. Because of 
the polar nature of water, plants can acquire the salts,their which they 
require for their growth, by absorbing these materials inio the sap through 
their roots. Animals absorb substances (polar and ionic materials required 
for growth) into their blood stream from the aqueous solution in their stom- , 
achs and intestines. 623 


H--2— water aiso dissolves a number of molecular substances, e.g. sugars апа 
alcohols because of their ability to form hydrogen bouds with water 
molecules. Without the existence of these H-bonds, water would probably 
be a gas under normal atmospheric conditions ; seas, lakes and rivers would 
never exist and it would never rain. Hydrogen bond also causes higher 
surface tension and high viscosity. Were it not for this, water would never 
rise through the capillary tubes in the roots and stems of the plants. 

Apart from the properties discussed earlier, water has high specific heat 
and thermal conductivity. These properties including surface tension are 
responsible for water to play a vital role in the biosphere. The high heat of 
vapourization and the high heat capacity of water have a bearing effect on 
the climate and body temperature of living organisms. 

In fact, presence of hydrogen bond in the condensed phase of water is 
responsible for all the peculiarities and potentialities associated with water. 
Table 12.3 (Unit 12) gives the comparison of some of the properties of 
liquid water and its deuterium analogue. 

Chemical Properties of Water 

1. Thermal Stability : Water exhibits a high thermal stability because 
its heat of formation is very high. It decomposes to the extent of 11.1% at 
the very high temperature of 3000K, the reaction being reversible. 

2H,0 + 571.68 kJ 2H, + O, 

As the temperature is decreased, the constituent elements recombine. The 
extent of dissociation at 1500K is < 0.02%. Although water is stable toward 
decomposition "by heat, it is a very reactive substance and is involved in а 
variety of reactions, even at ordinary temperature. 

2. Ionization of Water : Pure water conducts electricity, but very 
poorly, because it ionizes into hydrated hydrogen ions (H,0*) and hydroxyl 
(OH-) ions. 

H,O (1) +H,O (1)1——— H,0* (ад) + OH- (aq) 
K, = 1.00 x 10— mol? L- at 298K 

This ionization of water is obvious because water being obtained in the 
neutralization reaction of an acid and a base. Its neutral nature subscribes to 
its poor dissociation. The isolated H* ion does not exist free in solution but 
combines with a water molecule to form the hydrated ion called the 
hydronium ion, H,O*. Thus, water itself is both a Bronsted acid and a base. - 
Hence, the autoionization of water is an acid-base reaction according to ће 
Bronsted Lowry concept. One H,O molecule (the acid) donates a proton 10 
another H,O molecule (the base). In the process, water molecule the donor 
of H* becomes OH-, a conjugate base of water. | 

нс +HO === H,O* + OH- 
acid, base, acid, base, | 
4 The HO molecule tha accepts a proton in turn becomes НО: The 
signs of reversible indicates that Н,О* (an acid) donates a proton to OH- (à 
base) to form two H,O | molecules. Thus, water is amphoteric in nature. 
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Water acts as a base towards acid stronger than itself ,e.2., 

HC10, (aq) + H,O (1}——> H,O* (ад) + С1О, (aq) 

The H,O isa stronger base, and thus, accepts the proton which leaves 
H,O* as the only acid remaining in the solution. 

If the acid is a weaker acid than H,O’, as is HF, two acids would result - 
a small amount of H,O* and a large amount of HF. 

HF (aq) + Н,0 === H,O' (aq) + F- (ад) 
Also HO (4) + МН, (aq) === МН, (aq) + ОНС (aq) 

3. Oxidation - Reduction Reactions : Apart from acid - base reactions, 
oxidation - reduction reactions also take place in aqueous solution. Some of 
the metals whose E" value of the redox couple М“/М is below — 0.41 V 
reduce water. 

2H,0 (1) 22 ——~ 20H- + H, (в) 
E = 41У for [OH-] = 107M 

Some other metals/species whose E? value of the redox couple M**/M is 
above -0.41 V oxidize water, 

O, + 4H* + 4€ — —2HjQ &=0.82V for (H*) = 107M 

Thus, water itself can act both as an oxidzing and reducing agents. 

Many metals displace dihydrogen from water (preparation of 
dihydrogen). The more active metals react with cold water and the less 
active ones require steam. 

2Na (s) + H,O (П) (cold) ——9 2Na* + 20H- + H, (g) 
3Fe (s) + H,O (steam)——9 FejO, (3) + 4H, (g) 
Magnesium reacts with hot water forming Mg (OH), and dihydrogen. 
Flourine, chlorine, and bromine react with water at ordinary temperature. 
2F, (g) + 29,0 (D——9 4H" + 4F- +0, (g) 
4. Reaction of water with compounds : The oxides of alkali metals 
react readily with water forming bases. 
Na + H0—— 2Na* + 20H- 
The oxides of alkaline earth metals react less readily. 
The oxides of certain non-metals react with water to form acids. 
| SO, (g) + H,O (1) —> Н,50, (ад) 
| Р,0,, (s) + 69,0 (——9 4H PO, (aq) 
Water hydrolyses certain compounds 
CO, + HO === НСО; + OH- 
Ca,N, (s) + 6H,0 (1) 3Ca (ОН), (ад) + 2NH, (g) 
Сар, (s) + 69,0 (1)— 3 Ca (OH), + 2PH, (g) 
) BH, (g) « 6 HO (1)— 2980, (aq) + 6H, (8) 
5. Hydrates formation : Because of its lone pair of electrons, water is 
capable of forming some compounds with metal salts known as hydrates. 


They are of three types. e ee , 

(a Water molecules coordinate to a metal ion in complex ions. 
[Ni (H,O )4?* NO); ш (но) CI- 
[Cu (НО ),* [Co (Н.О > 
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(b) Water molecules are bonded to certain oxygen containing anions e.g., 
CuSO,. 5H,O . Here four water milecules are coordinated to the central 
atom of Си? and the fifth HO molecule is hydrogen bonded to a sulphate 
group. The hydrate, most frequently used in medicine, is plaster of paris, 
(CaSO) HO . 

(c) Water gets trapped in certain voids (interestitial Sites) in the crystal 
lattice, e.g., BaCL. 2H.O . 

13.6.2 Hydrogen peroxide 

» Hydrogen peroxide, H,O, a molecular hydride of oxygen contains 
structural units (O— O)^—. It was first prepared in 1818 by Thenard who 
obtained it by treating barium peroxide with hydrochloric acid. 
Preparation of Hydrogen Peroxide 

Hydrogen peroxide can be successfully obtained by adding ice cold 

dilute acid to: 
(a) hydrated barium peroxide 

BaO, (s) + Н,50, (aq)—> BaSO, (s) + H,O, (aq) 
(b) sodium peroxide 

Na,O, (s) + H,SO, (aq) NaSO, (s) + HO, (aq) 

Barium sulphate is insoluble and can be separated from the solution by 
filtration. Hydrogen peroxide is generally prepared in the laboratory by 
adding sodium peroxide to cold water or dilute HCI. The HO, produced in 
these methods is quite dilute which can be concentrated by distillation under 
reduced pressure. 

Na,O, (s) + 29,001)— 2Na* + 20H- + H,O,(aq) 

Industrial methods include, 

(a) Electrolysis of sulphuric acid solution or ammonium sulphate at 
278K. The reaction is believed to follow the course given below: 


HO — SO; At P anode HOSO, ——*H0—$—0-——0-—S—0H о. 
| Bisulphate & 


radical Peroxydisulphuric acid 


4 
+ HOOSO,OH + HSO, Bee H,SO, +H,0, 
Peroxysulphuric acid 

The electrolysis of solutions of H,SO, leads to produce peroxy- 
disulphuric acid, Н,5,0, at the anode and hydrogen at the cathode. The 
peroxy-disulphuric acid is Subsequently hydrolysed to form hydrogen 
peroxide. 

At the cathode : 2H* + 2e — —À H, (g) 

Atthednode: —2HSOT — ., Н,5,0, + 2e- 

Н,5,0, + 2H0— —, 2H,SO, + 2H,0, 


The sulphuric acid formed is recycled, i.e., it is used over again in the 
uction of H,O,. 
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The product obtained is generally 30-35% aqueous solution, but 90% is 
obtained commercially by fractional distillation under reduced pressure. 

(b) The auto-oxidation of an organic compound anthraquinoi in 
benzene and long chain alcohols. 


o OH 
А R 
s dE 
Жы ы? 
Q OH 
2-ALKYLANTHRAQUINONE 2-ALKYLANTHRAQUINOL 
o, 
o 
R 
WHERE R = C, H, OR C. 
( 2 5 4 На) 3 H,O, 
o 
2-ALKYLANTHRAQUINONE 
(REGENERATED) 


The product is generally extracted with water. It is usually 18-20% 
aqueous solution, but 90% is obtained by fractional distillation under 
reduced pressure at 333K. High concentration can be obtained by fractional 
crystallization (at low temperature pure crystals are deposited). 

The anthraquinone produced in’ the reaction is used again in the 
production of hydrogen peroxide. 

Properties and Reactions of Hydrogen Peroxide 


bonding. It decomposes violently when heated, the reaction being 
exothermic. 

2H0,— > 280 +0, (AH =—99 тог) 

Aqueous solution remains stable in the presence of acid or acetanilide 
(stabilizer). 

Hydrogen peroxide readily decomposes to give dioxygen and water. The 
decomposition is catalyzed by metal impurities (e.g. heavy metals like Ag, 
Au, Pt, and metal ions Fe^*, Си” and metal oxides MnO,), strong base and 
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каз | 
sunlight. Because of this property, concentrated solutions of H,O, are never ^ 
Stored at it could be dangerous. This Property supports the use of reduced 
pressure when concentrating the aqueous solution. It is stored in coloured 
wax-lined bottles in the presence of a Stabilizer. It has a density of 1.438 g/ 
ст? at 293K, boils at 336K at 21mm Hg and freezes at 271.5K. It is not 
possible to determine its boiling point at atmospheric pressure as it 
decomposes violently on heating. The estimated normal boiling point is 
423.2K. It is miscible (mutually soluble) with water, alcohol and ether in all 
proportions. 

Its unstable nature is attributed to the fact that its formation is highly 
endothermic in nature. Hydrogen peroxide is usually sold as 20 volume 
solutions, meaning that 1 voume of the solution will provide 20 volumes of 
oxygen at STP. From the equation 2H,0, > 2H, + O, it can be seen that 2 
moles of H,O, give 1 mole of О, Le., 68g of H,O, give 22.4 litre (dm?) of О, 
at STP. It is, therefore, possible to calculate the volume strength of H,O, if 
its molarity is known and vice-versa. 

Chemical Reations: Hydrogen peroxide acts both as an oxidizing agent 
and a reducing agent in both acidic and alkaline solution. In all its oxidizing 
reactions, it has an advantage over other oxidizing agent because it is always 
reduced to water. The oxidation State of oxygen in HO, is —1. It is 


oxidized to O, (Zero oxidation state) or reduced to Н.О or OH- (—2 
oxidation state for oxygen). 


As an oxidizing agent: | 

Н.О (ag) + 2H*(aq)  2e— — 29,0 (E° = +1.77V) 

As a reducing agent: 

H,0,(aq)——> О,(в) + 2H*(aq) + 2e- (E? = — 0.68V) 
Oxidizing Reactions 

In acid solution: 


Cr,0;" + 2H" + 4H,0, — 5 2C10, + SH.O | 

2Fe* + 2H* + HO, — —› 2Fe? + 2H,0 | 

SO;~ + H,0, —, So? + HO | 

In alkaline solution: | 
2Cr(OH), + 3H,0, + AOH- — 2стог—+ 8H,0 


Мп“ + H0, — Mn“ + 20H — 
Reducing Reactions 


In acidic solution" 
2MnO, '+5H,O, + 6Н*———› 2Mn? +8Н,0 + 50, 
Н,0,+ OCÍ —_,¢r 4 H,O +O, 
In alkaline solution 
AgO + HO, — 2Ag + H,O + O, 
2Fe** + H,0,+ 20H ——, 2Ре? + 2H,0 + O, 
Cl, + H,0,+ 20H ——, 2Cr +2H,0+0, 
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Acidic solution favours the oxidizing action, e.g., Fe?* to Fe”; PbS to 
PbSO,; I~ to L. 

Hydrogen peroxide reduces MnO-, to Мп“ even in acidic solution. 

Uses of Hydrogen Peroxide 

Hydrogen peroxide has a variety of uses as an oxidizing agent, a 
bleaching agent and a rocket fuel in conjunction with liquid hydrazine. 
Other uses include the preparation of peroxides, particularly organic 
peroxides which are used for initiating polymerization reactions and the 
preparation of antiseptics. It is also used in the manufacture of sodium 
perborate and epoxides. It is used in the laboratory as an aqueous solution. 
Oxidizing reactions, in particular, are very useful. Old paintings are 
restored (white lead paint slackens by traces of H,S in the atmosphrere). 
Oxidation of acidified dichromate (CrO, is extracted with ether) serves as a 
qualitative test for Cr. Many dyes are bleached by oxidation with H,O; 
textiles, wood pulp, toothpastes, etc., are bleached in this way. 

Recently it has found its use in controlling of pollution. Domestic and 
industrial effluents, e.g., cyanides and other obnoxious sulphides are 
oxidized by H.O,. 

Structure of Hydrogen Peroxide 

The hydrogen peroxide molecule contains two O —H groups, which do 
not lie in the same plane, joined together through the two oxygen atoms. Im 
the gas phase, the molecule adopts a skew configuration with a dihedral 
angle of 111.5° as shown in Fig. 13.9a because of the repulsive interaction 
of the —OH bonds with the lone pairs of electrons on each ‘O’ atom. This 
is the most stable configuration because the repulsion between the two lone 
pairs of electrons on the two oxygen atoms is minimum. The skew form 
persists in the liquid phase with some modifications caused by H-bonding. 
In the crystalline state, H,O, assumes the dimensions as suggested through 
Fig. 13.9b. The dihedral angle is particularly sensitive to H-bonding, 
decreasing form 111.5° in the gas phase to 90.2° in crystalline H.O,. 


ES ea aie ES : 
* ' ' 
; \ 950 pm : ; dle : 
, Н 4 rH] 
; 0 : 
D 4 90:2° 
H 147:5 pm Н E 145:8 pm H 
k=O oh) 5 ero RON. 
^ 
2 у b .д° di | 
L3 94:8? Үн She 101 9 Hs 
ә, * ` 
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(a) GAS PHASE (b) SOLID PHASE 


Fig. 13.9 Structure of H,O, molecule as in the gas phase, 
and (b) in the crystalline state. 
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13.7 SULPHUR 

г Sulphur has been known since early times, being used by Egyptians and 
the Greeks as a yellow colouring material. Alchemists tried to incorporate 
its ‘yellowness’ into other substances in attempts to produce gold. Lavoisier 
recognized sulphur as an element in 1777. 

Because of its occurrence near volcanoes, sulphur commanded the awe of 
ancient man. Sulphur has been proved to be one of the cornerstones of 
chemical.technology, mainly because of the industrial importance of 
sulphuric acid and the agricultural importance of sulphate fertilizers. 

Sulpliur has 6 electrons in its valence shell. It tends to add two electrons 
to form S% ions or form two covalent bonds to attain its octet of electrons. 
The atoms of sulphur usually do not multiple bonding like oxygen, sulphur 
in the solid state exists as S, which assumes the puckered ring structure. 

The S, rings also persist in the liquid and gaseous states. 


PUCKERED RING STRUCTURE 


13.7.1 Occurrence 

Sulphur is found extensively in the earth’s crust (0.05%) both in the free 
elemental state and in the combined state. Free sulphur occurs in large 
natural deposits near volcanoes and can be mined without further 
purification. The large sulphur deposits occur near the Gulf of Mexico and 
in Sicily. Its deposits are also found in Japan, Italy and USA (Texas and 
Louisiana). In the combined state, sulphur occurs as sulphides (iron pyrites, 
FeS,; galena, PbS; zinc blende, ZnS; copper pyrites, CuFeS,; etc.) and 
sulphates (barite, BaSO,; gypsum, CaSO,.2H,0) of metals. To some extent 
it also occurs in volcanic gases as hydrogen sulphide, H,S and sulphur 
dioxide, SO,. 

Sulphur is also a constitutent of naturally occurring organic matter such 
as petroleum (in the form of H,S) and coal. Its presence in fossil fuels 
causes environmental and health problem because sulphur and its 
compounds undergo combustion giving sulphur dioxide, an air pollutant. It 
Is also present in various forms in plants and animals. It is present in onion, 
garlic mustard, egg, protein, oils, etc. 
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13.7.2. Extraction of Sulphur 
Since the deposits of sulphur are usually found at a depth of 150-200 
^15. MN metres below е 
SULPHUR FOAM ( AIR surface of the earth, 
under the layers of 
quicksand and gravel, 
this makes its direct 
mining impossible. It 
is extracted by the 
Frasch method (Fig. 
M^ 13.10). Three con- 
CONTAINING Centric pipes ае 
SULPHUR sunk to reach the 
deposits. Superheated 
water (440k) under 
pressure is forced 
84 down the outer pipe 
ea Ep. tt ^os gh RE NONU and compressed air is 
7.745, e) iani TES MOLTEN SULP blown гда the сета! 
shaft (inner-most pipe). Water melts the sulpnur. The molten sulphur forms 
a froth with the compressed air. The compressed air also forces up this froth 
to the surface through the middle-pipe. It is then allowed to cool and 
solidify into vats. Sulphur so obtained is of about 99.9% purity. This 

method is used in USA. 

Small amount, but a highly pure sample of sulphur can be obtained by 
burning hydrogen sulphide in a limited supply of air. Sulphur so produced 
is used to manufacture sulphuric acid and other industrially important 
products. Sulphide ores on heating give sulphur dioxide which can be 
converted directly to sulphuric acid. 

13.7.3 Allotropy in sulphur 
Sulphur can exist in several allotropic forms. There are perhaps over a 


- 0—9 


dozen different sulphur allotropes. Тһе most common of the well- . 


characterized sulphur allotropes are the orthorhombic and monoclinic forms. 
Both contain covalently bound S, puckered rings, the difference in the 
allotropes being a difference in the crystal packing of the S, units (Fig. 
13.11).  Orthorhombic sulphur, the most stable form at ordinary 
temperature, changes to the monoclinic above 369K. However, the inter- 
conversion between the two forms is slow depending upon the temperature. 
This kind of allotropy is described as enantiotropic (moving in both 
directions). These two forms are soluble in non-polar solvents such as 
benzene, carbon disulphide, ether and alcohol. 

A third unstable but important allotrope is called plastic sulphur. This is 
an amorphous solid obtained from a supercooled liquid. This is a sticky 


elastic substance which can be drawn into long threads. It contains long + 
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helical chains of sulphur atoms (Fig. 13.11). It is insoluble in non-polar 
solvents. After a few days the long chains slowly disintegrate and reform 
the small S, rings which crystallize gradually in rhombic lattice. 


- 


ABOVE 369 K 


——— 
a ae ar SS 


BELOW 369K 
AT 1 atm 


RHOMBIC SULPHUR MONOCLINIC SULPHUR 


yor 


' PLASTIC SULPHUR—COMPQSED OF HELICAL CHAINS 
Fig. 13.11 Allotropes of sulphur 
A comparison of the physical properties of the allotropes of sulphur is 
given in Table 13.4. 
' Sulphur parallels with phosphorus in its ability to form a wide variety of 
allotropes in all the three phases. All the forms are not fully established. 


The interelationship among the various forms of sulphur is given in Fig. 
1312. 


TABLE 13.4 Physical properties of allotropes of sulphur 


Property Rhombic Monoclinic Plastic 
Colour Pale yellow Yellow Yellowish-brown 
State Octahedral crystals Needle like crystals Rubber like mass 
Melting point, (K) 387.5 392 No definite m.p. 
Density (g/cm?) 2.06 1.98 1.95 
Solubility in CS, Soluble Soluble Insoluble 


13.7.4 Properties and reactions of sulphur 
| Sulphur is a pale yellow solid with no odour. It is insoluble in water. It 
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burns in air with a blue flame forming sulphur dioxide. When crushed roll 
sulphur (commercial form) is heated in the absence of air it melts and then 


undergoes a set of changes (Fig. 13.13). 


is soluble in carbon disulphide, acetone, and carbon tetrachloride. Sulphur 
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SOLID SULPHUR S, RINGS 


m 


TRANSPARENT YELLOW LIQUID $ (5), S CHAINS 


| 


COLOUR DARKENS.. LIQUID LONG CHAINS OF AROUND 10'S 
REACHES MAXIMUM VISCOSITY ATOMS BECOME ENTANGLED AND 
AT 473K MAKE THE LIQUID VISCOUS. 


| 


LIQUID BECOMES MOBILE AT CHAINS BREAK UP TO FORM 
673K SMALLER UNITS, AND THE LIQUID 


BECOMES MOBILE 
HEAT 


LIQUID SULPHUR BOILS AT 


717K 
HEAT 
VAPOUR VAPOUR CONTAINS S,, S, AND S, 
MOLECULES 
SOLIDIFIES $ S, MOLECULES 
AS S, (S) 


Fig. 13.13 The changes that occur when sulphur is heated. 

1. Reaction with metals: Sulphur combines with many metals except 
tellurium and noble metals (e.g. gold, platinum) giving sulphides on heating. 

Fe(s) + S——> FeS(s); Zn(s) + S——> ZnS(s) 

Mg(s) + S——> MgS(s); Cu(s) + S——> CuS(s) 

Sulphides on reacting with dilute acids, e.g., НСІ, H,SO,, etc. give 
hydrogen sulphide, HS, a foul smelling poisonous gas. 

2. Reaction with non-metals: Various non-metals that react with 
burning (or preheated) sulphur include fluorine, chlorine, bromine, 
dihydrogen, dioxygen, carbon, phosphorus, etc. It reacts less readily with 


non-metals than dioxygen. Noble gases, iodine and dinitrogen do not react 
with sulphur. И 
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S + 3F(g)—— SF L8) S. 2CL(g) ——9 SCG) 
(Excess) (Excess) 
S + H,(g) —— HS() S « Og) —— 50,8) 
3. Reaction with adids: Sulphur does not react with aqueous 
hydrochloric acid but reacts with oxidizing acids. 
S + 6HNO,(aq) ——9 29,0(1) + HSO, (aq) + 6 NO,(g) 
S + 2H,SO, (ag) ——9 29,0(1) + 350, (g) 
4. Reaction with alkalis: Sulphur reacts with hot concentrated 
solutions of alkalis giving sulphides and sulphites. 
3S + 6NaOH(aq)———» 2Na,S(aq) + Na,SO,(aq) + 3H,O 
METALLIC SULPHIDES SF, 


so, 
saso; SNA S05 
A MIXTURE OF SULPHIDE 


SULPHITE POLY SULPHATE HS 
AND THIOSULPHATIONS. 


Fig. 13.14 Flow diagram for typical reactions of sulphur 


13.7.5 Uses of sulphur em 

Sulphur is widely used: (i) in the manufacture of sulphur dioxide and 
sulpuric acid, (ii) to produce vulcanised rubber, (iii) in producing important 
chemicals. These include carbon disulphide, sulphur dyes, calcium and 
magnesium bisulphites (bleaching agents), phosphorus trisulphide (used in 
match industry) etc., (iv) in the manufacture of explosives, e.g., gunpowder 
(sulphur, carbon and potassium nitrate) and fireworks. (v) asa germicide 
and insecticide for controlling growth of fungus in plants and (vi) in 
medicines and in ointments for treating skin diseases and for manufacturing 
sulpha drugs. Sulphur and its compounds are commonly used in the 
Ayurvedic system. Mercuric sulphide is used as an Ayurvedic medicine 
under the name of Makaradhwaj. jm 


13.8 COMPOUNDS OF SULPHUR 
13.8.1 Hydrogen Sulphide 

Hydrogen sulphide is an important compound of sulphur with hydrogen. 
It is usually prepared by the action of dilute hydrochloric or sulphuric acid 
on iron (ТЇ) sulphide. 

FeS(s) + H,SO,(ag) ——»5 FeSO, (aq) + H,S(g) 

Hydrogen sulphide is often Tequired in the laboratory. For this purpose, 
the gas is usually prepared in a Kipp’s apparatus (Fig. 13.15). When the tap 
T is opened, the acid 
rises into the compart- 
ment B. Here the acid 
reacts with iron 
sulphide to produce 
H S. The gas is taken 
out through the side 
tube. When . the 
apparatus is not in 
use, the tap T is 
closed. On closing 
the tap, the pressure of 
the gas in compart- 
ment B increases. As 
a result, the acid goes 
back into the compart- 
ment A through 
compartment C, and 

laboratory. the production of the 
gas stops. 

Hydrogen sulphide can be generated directly in solution by heating 
thioacetamide suspended in water. 

CH,C(S)NH, + 2H,O——_>» CH,COO- +NH*, + H,S 
Properties of Hydrogen Sulphide 

Hydrogen sulphide, has characteristic repulsive odour like that of rotten 
eggs. It is colourless and poisnous in nature. 

l. Acidic Nature: It is fairly soluble in water and its solution is weakly 
acidic in nature, 

2. Reaction with Metal Salt Solutions: It reacts with many salt 
Solutions. forming insoluble coloured sulphides. Some sulphides are 


Fig. 13.15 Continuous supply оН, gas in the 


(Black) 
Pb (CH,COO), (aq) + H,S(g8)—> Pbs(s) + 2HOOCCH, (aq) 
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In a similar fashion, H.S reacts with other metal salt solutions. 
In acidic medium 
CuSO,(aq)  H,S(g)——9 CuS(s) + H,SO,(aq) 
(Black) 
CdSO,(aq) + H,S(g).—— CdS(s) + Н,$О, (ад) 
(Yellow) 
НЕСІ (ад) + H,S(g)———» HgS(s) + 2HCI (aq) 


(Black) 
In alkaline medium 
7п50 (ад) + H,S (g)—— ZnS(s) + H,SO (aq) 
ite) 


(Wh 
NiSO (ад) + H,$(g)——9» NiS(s) + H,SO (aq) 
(Black) 
Ма$О, (aq) + H,S(g)—— MnS(s) + H,SO, (aq) 
(Buff) 


Such reactions of hydrogen sulphide are used in qualitative inorganic 
analysis for identifying the various metallic ions. Most of the sulphides are 
insoluble in water except those of groups 1 and 2. The solubility of the 
sulphides can be controlled by the H* ion concentration in solution. 
Hydrogen sulphide is a very good reducing agent. 

2HNO,(aq)  H,S(g)— 2NO,(g) + 29,0(1) + S(s) н 

Its boiling point is much lower 
than that of water indicating that the 
effect of molecular association is 
more in the case of water. It has an 
angular shape similar to that of 
water. 

13.8.2 Oxides of Sulphur 

The binary oxides of sulphur are: 

S,0, S,0,, SO,, SO,, 5,0, and SO, {| 

Of these, sulphur dioxide and sulphur trioxide аге the most important. 
Sulphur dioxide is an important gas which is used mainly for the 
manufacture of sulphuric acid. It occurs in volcanic gases. Many hot 
springs contain dissolved sulphur dioxide. Atmospheric air also contains 
traces of this gas which is released into the atmosphere from coal and oil 
based power plants, oil refinery operations and during the roasting of 
metallic sulphides. Atmosphere over industrial towns is rich in sulphur 
dioxide. This gas is one of the major air pollutants. 

For commercial purposes, the gas is obtained by burning sulphur in air or 
as a byproduct from the roasting of sulphides. 

S, + 80, —— 8 SO, 
4FeS, + 110;—— 2Ее,0, + 8 SO, 

Sulphur dioxide is a colourless gas with a sharp choking smell of burnt 

sulphur. It is poisonous and causes inflamation of the lungs and other 
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lisorders. It is heavier than air and highly soluble in water. It can be 
eadily liquefied. Its aqueous solution is acidic in nature. The solution so 
ybtained is of sulphurous acid, H,SO,. This acid is unstable. It only acts in 
situ. It is slowly converted to sulphuric acid on exposure to air. 
SO, (g) + Н,001)—э H,SO,(aq) 
Sulphurous acid) 
2H,SO,(aq) + OXKg)—— 2H,SO, (aq) 

Sulphur dioxide combines with dioxygen in the presence of a platinized 
asbestos or vanadium pentoxide at a temperature of about 723K and at one 
atmospheric pressure. en 

—V205 2804 
280.8) * 02) — 1. 280018) 

It behaves both as reducing and oxidizing agent. It can bleach the 

colours of the substances because of its reducing nature. 
. Sulphur dioxide is an angular molecule with an O-S-O angle of 119.59 
and a high dipole moment of 1.6 
debyes. The S-O bond length of 
146pm indicates some double 
bond character in the molecule. 


E 146 pm The structure of SO, probably 
involves resonance. It involves 

4 И. sp? disposition about sulphur 

atom. 
STRUCTURE OF SULPHURDIOXIDE, SO, 

„Sulphur trioxide is formed by the direct oxidation of SO, 
with atmospheric dioxygen at elevated temperatue (673-973K). It is an 
extremely reactive substance and a strong oxidizing agent. It is the 
anhydride of H,SO, and reacts violently with water to produce the acid and 
with metallic oxides to produce sulphates. It dissolves in concentrated 
H,SO, forming pyrosulphuric acid, Н,5,0, (fuming sulphuric acid or 
oleum). At temperature of 1173K or higher, SO, decomposes to SO, and 


о Sulphur trioxide gas has 
2 i р a planar triangular structure, 
utor fa +—* 3s, — with S-O distance of 142 
O. а) o о a^ % pm. It involves sp? hydridi- 
zation about sulphur atom. 
STRUCTURE OF SULPHUR TRIOXIDEJSO, The molecule is 
symmetrical and has no 

13.8.3 Sulphuric acid dipole moment. 


Sulphuric acid is a substance of great industrial importance and the 
industrial prosperity of any country is closely realted to its sulphuric acid 
consumption. It is the most common oxyacid of sulphur. It is called ‘king 
of chemicals’ because of its extensive use in industries. Following are the 
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key industries of india, where sulphuric acid is manufactured: 

1, Hindustan Zinc Limited, Debari and Vishakapatnam, 

2. Hindustan Copper Limited, Khetri and Ghatsila, 

3. Fertilizer Corporation of India, Sindri, Bihar 

4. DCM Chemical Works, Delhi. 

Manufacture of sulphuric acid 

Essentially the manufacture of sulphuric acid, H,SO, involves the 
conversion of SO, to SO, which is then processed further. 

There are two main industrial processes for the manufacture of H,SO, 
from SO,. 

1. The contact process 

2. The lead chamber process 

The lead chamber process is an older method for the manufacture of 
H,SO,. In this process oxidation of SO, is effected catalytically by means of 
oxides of nitrogen in the presence of water. 

2NO (g) + О, (8) —— 2NO, (в) 
NO, (в) + SO, (g) + H,O (> H,SO, (ад) + NO (g) 

The unreacted gases (NO, NO, and Oj) are absorbed in H,SO, and 
nitrosyl sulphuric acid (nitrosyl bisulphate) is formed. This on 
decomposition gives sulphuric acid. 

2H,SO, (ag) + NO (g) + NO, (g)——9 2NO* HSO,- + H,O 

Most of the H,SO, used today is produced by the contact process in 
which SO, is catalytically oxidized to SO,. Sulphur dioxide for the purpose 
is usually obtained by burning sulphur in air or by roasting iron pyrites. 

S(s) + О, (g) —— SO,(g) 
4FeS, (s) + 110, (в) + ———> 2Fe,0,(s) + 850, (g) 

Chemical principle of the contact process: Purified SO, is oxidized to 
SO, catalytically (platinized asbestos or vanadium pentoxide; vanadium 
pentoxide is more resistant to poisoning) with atmospheric dioxygen at a 
temperature of about 723K and at atmospheric pressure. The reaction is 
exothermic and the temperature rises to about 873K. 

723K 
250, (g) + O, (g).——9 250, (g). AH = —196.6kJ 

The SO, vapours are absorbed in concentrated H,SO, (98-99%) and 
pyrosulphuric acid (H,S,O.) is formed. Pyrosulphuric acid is a fuming 
liquid called ‘Oleum’. 

SO,(g) + H,SO, () —— Н,5,0, (1) 

Water is then added to oleum to make sulphuric acid of the desired 
concentration. 

Н,5,0, (1) + HO(J——9 2H,SO, (ag) AH = —69 kJ 

Conditions for maximum yield: The oxidation of SO, is reversible, 
exothermic and proceeds with decrease in volume, The optimum conditions 
for a better yield in accordance to ‘Le Chatelier’s principle’ are: 
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1. Low temperature: The oxidation of SO, to SO, is exothermic, and 
hence, is favoured by low temperature. The reaction is too slow to be 
commercially feasible at low temperature. Hence, the oxidation is carried 
out catalytically at about 723K. A yield of about 90% is obtained at this 
temperature. 

2. High pressure and excess of oxygen: High pressure favours the 
oxidation step. However, at high pressure, the material of the plant is liable 
to be corroded. The reaction is carried out in the presence of excess of 
oxygen and at atmospheric pressure for better yield of sulphur trioxide. 

The essential stages in the manufacture of sulphuric acid are shown 
diagrammatically in Fig. 13.16a. Тһе integrated diagram for the 
manufacture of sulphuric acid by contact process is shown in Fig. 13.16b. 


Broadly it consists of the following units. 
Air 
+ я : > 
precipitator 
Waste gases 


Purification of gases 


Sulphur or pyrites SO, (9) 
burner 


SO, Production 


50, 


L MAMM- Teng 9 
[бшш | 280, (g) +0,(9-—»280, (0) [| 


The contact Process 


SO, (g) + Air 


Absorption 
Fig. 13.16a Essential stages in the manufacture of sulphuric acid 
(a) Sulphur or pyrites burners 
(b) Purifying assembly and testing box: The hot gases emanating from 
the burner unit are usually found mixed with certain impurities like oxides 
of arsenic (As,O,), sulphur or dust particles, etc. The impure hot gases are 


first passed through an electrostatic precipitator and then are washed water - 


to remove soluble impurities. 


(c) Contact chamber or converter: Firstly, the purified gases are | | 
heated by passing through a preheater (or heat exchanger) and then they are | 


allowed to enter the converter. As they pass through the catalyst column, 


they (SO, * O,) emerge as SO,. After the oxidation is initiated, no further - 
heating is required as the reaction is exothermic and gases are allowed to go ` 


directly to the absorption tower. 
(d) Absorption tower: Here the oxidized gases are absorbed by conc. - 


H,SO, when oleum is obtained. SO, is not absorbed in water. The strong 
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Fig. 13.16b An integrated diagram for the manufacture of sulphuric acid 


affinity of the gas for water causes a layer of fog particles to form about the 
bubbles as they pass through water. This prevents further dissolution of 
SO,. Hence, SO, is first absorbed in H,SO,. 
Properties and reactions of sulphuric acid 

Pure sulphuric acid is a colourless oily liquid with a specific gravity of 
1.84 at 288K (m.p. 283.5K; b.p. 593K). It fumes when heated due to 
decomposition of a small fraction of the acid into water and SO,. The high 
boiling point and viscous nature of the acid are due to the presence of partial 
hydrogen bonding (SO, groups are joined together by hydrogen bonds). 

Concentrated H,SO, (98%, 18M) dissolves in water with evolution of 
large amount of heat. The dilution is carried out safely by pouring acid 
slowly into water while the solution is stirred and cooled constantly to 
disturb the heat of dilution. j 

1. Basicity. The acid is a strong acid in aqueous solutions. It ionizes in 
two stages, i.e. it is dibasic. ui 4 

HSO, + H,O = Н,0' + HSO, К,= 1х 10 
HSO;+ H,O = О + SO2-K,-12 x 10x? 

Two series of salts (М?* SO?~*and M* HSO, ) are, thus, possible. 

2. Dyhydrating properties: Its strong affinity for water makes it a 
good dehydrating agent. Gases which do not react with the acid may be 
dried by passing through it. It removes water of crystallization from certain 
substances. It extracts water from cane sugar and leaves behind a black 


residual mass. 
C,,H,,0,, Com: H, SO, 12C + 11H,0 
(Sugar) —H,O (Black) 

Similarly, crystals of copper sulphate (CuSO,. 5H,O) lose four of its 
molecules of water of crystallization in the presence of concentrated 
sulphuric acid and a white mass is left behind. 

CuSO, 5H,O__Conc. HSO, | CuSO, .H,O + 4H,0 
(Blue) —но White) 

Dilute sulphuric acid does not have the dehydrating property. 

3. Oxidizing properties. H,SO, acts as an oxidizing agent, particularly 
‚ when hot and concentrated. This property becomes weak on dilution. 

(i) Action on non-metals. In its reaction with non-metals, each 
molecule of H,SO, provides one atom of nascent oxygen for oxidation 
purposes and is itself reduced to sulphur dioxide. 

C(s) + 2H,SO, (1)— СО, (в) + 250, (g) + 2H.O (1) 
S (s) + 2H,SO, (1)— 2H,0 (1) + 350, (g) 

(ii) Action on metals. Depending upon the nature of metals, H,SO, may 
undergo reduction to SO,, H,S or S. Copper and zinc are oxidized to their 
sulphates by hot concentrated H,SO,. 

Cu(s) + 2H,SO, (11———» CuSO, (ад) + 29,0 (1) + SO, (g) 
4 Zn (s) + 5H,SO, (121 ——9 4ZnSO, (aq) + 49,0 (0+ H,S (в) 
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(11) Action on salts. Concentrated H,SO, reacts with certain salts 
forming acids and metal hydrogen sulphates. The acids produced so are not 
oxidized by H,SO,. 

KNO, (s) + H,SO,(1)——> HNO, (g) + KHSO, (aq) 
NaCl (5) + H,SO, (1)— НСІ (а) + NaHSO, (aq) 

Thus, it can be used to manufacture more volatile acids than H,SO, from 

their salts. 
2MX + H,SO, ——> 2HX + M,SO, (X =Е-, CI-, NO,- ) 

(iv) Acidic properties: The reactions of concentrated H,SO, are often 
complex due to its oxidizing action, but dilute sulphuric acid behaves as a 
typical acid. 

(i) Reaction with metals above hydrogen in the electrochemical 
series: Metals like Mg, Zn and iron reacts with dilute H,SO, to form metal 
sulphates and H, gas. 

Mg (5) + H,SO, (aq}—— MgSO, (aq) + Н, (р) 
Zn (s) + H,SO, (aq) ZnSO, (aq) + H, (g) 

(ii) Reaction with bases and alkalis (metal oxides and hydroxides): 
In its reaction with bases and alkalis, the acid neutralizes them and forms 
metal sulphates and water. For example, 

H,SO, (aq) + 2 NaOH (aq) — — ——» Na,SO, (aq) + 29,0 (1) 
МВО (s) + H,SO, (aq) > MgSO, (aq) + H,O (1) 
Mg (OH), + H,SO, (ад}——————> MgSO, (aq) + 2H,0 (1) 
CuO (5) + H,SO, (ag)$— — ——» CuSO, (aq) + H,O (0 
Cu (ОН), (aq) + H,SO, (ag————>_ cusO „ (aq) + 2H,0 (4) 

(iii) Reaction with salts of weak acids: In its reaction with salts of 
weak acids, dilute sulphuric acid forms metal sulphates and weak acids. 

2 NaHCO, (aq) + H,SO, (ag)— — —» Na,SO, (aq) + 2H,CO, (aq) 
H,CO, (aq) H,O (1) + CO, (g) 
Na,CO, (aq) + H,SO, (ag)——————» Na,SO, (aq) + H,CO, (aq) 
MgSO, (aq) + H,SO, (ag)— — — — MgSO, (aq) + H,SO, (aq) 
H,SO, (aq) SO, (g) + H,O (1) 
Fes (5) + H,SO, (ag)—— — —» FeSO, (aq) + H,S (g) 
Test for sulphuric acid 

A few mL of dilute sulphuric acid contained ina test tube is treated with 
a few drops of barium chloride solution. A white precipitate of BaSO, is 
formed. The precipitate is insoluble іп НСІ and HNO,. 

BaCl, (aq) + H,SO, (ag)——5 BaSO, (s) + 2НСІ (aq) 
Structure of sulphuric acid ZH 
The structure of sulphuric 
acid in the vapour phase can be 
schematically portrayed as given 
here. 144 pm 
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Sulphate ion adopts tetrahedral disposition of oxygen atoms around 
sulphur atom. The scheme of hybridization and the possible arrangement of 
oxygen atoms about sulphur (У T) atom is given below: 


149pm 9 iita 
S 
or ir 
© 


SULPHUR 1s? 2g- 2p* 35° 3p* 


3s 3p 
(VALENCE ELECTRONS) [t] titi 
STATE 
RI ENG ELECTRONS) [t] BU GALU 
— M 


mm gcn 
FORMS BONDS TO FOUR FORM BONDS TO TWO 
OXYGEN ATOMS. OXYGEN ATOMS ONLY 
(sp? HYBRIDIZATION) DO NOT TAKE PART 


IN HYBRIDIZATION 
HYBRIDIZATION SCHEME FOR SULPHUR IN SQ; ION 


All the bond lengths are rather short (149 pm) because of resonance of 
thé double bonds to give a resonance hydrid such as given below: 


б p] | 


—— S 


oe S 5 
У" 
Kesonance between equivalent canonicai forms іп SO2— 

Uses of sulphuric acid 

Sulphuric acid is used in various types of industries. The consumption of 
H,SO, is a measure of industrialization of a country. Chiefly it is used as 
given below: 

1. In the manufacture of fertilizers (ammonium sulphate and super 
phosphate of lime), dyes, drugs, explosives (dynamite, TNT and picric acid) 
disinfectancts, paints, pigments, plastics, textiles (cotton wool and linen 
fabrics) synthetic fibres (viscose rayon and acetate rayon) photographic 
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films, synthetic rubber, synthetic detergents and lacquers. 

2. In the production of acids (НСІ, HNO,. H,PO, etc.) diethyl ether, 
DDT, Na,SO,, etc. 

3. In the metallurgical operation of certain metals, e.g., copper etc., 
(extracted from their ores using H,SO,). 

4. For the pickling of metal surfaces (removal of oxide layer from the 
surface of metals) before electroplating, galvanizing, soldering or 
enamelling. 

5. In the refining of petroleum— sulphur, tari y compounds, etc., are 
removed by treating crude petroleum with H,SO,. 

6. As laboratory reagent, dehydrating and drying agent. 

7. In storage batteries used in automobiles. 

8. In pharmaceuticals and for making insecticides. 

9. In leather tanning industries. 

Acid rain 

Rain water is usually acidic in nature because of the dissolution of the 
common pollutants, e.g., CO,, NO,, SO,, etc. present in the atmosphere. 
The atmosphere above the industrial area contains NO, and SO, and dust 
particles in abundance. Sulphur dioxide is produced from sulphur 
contaminants during the combustion of coal and heavy fuel oils, during the 
smelting of ores and in the production of sulphuric acid. Sulphur dioxide is 
oxidized to sulphur trioxide by the atmospheric air. This reaction is 
catalyzed by the particular pollutant, NO, or possibly may occur through a 
photoexcited state. SO, reacts with water present in the air to form H,SO,. 
Nitrogen dioxide is obtained by the oxidation of nitrogen oxide by dioxygen 
and ozone present in the atmosphere. Nitrogen oxide, in turn, is generated 
from dinitrogen and dioxygen of the atmosphere in the high temperature 
regions, internal combustion engines, as well as in coal and oil burning 
furnances. The tropospheric temperatures, decreasing with altitude permits 
warmer, less dense surface air to rise and Carry away pollutants. Such 
pollutants dissolve in rain waters to make it highly acidic as vinegar. Acid 
rain can lead to extensive damage to marble monuments. It destroys the 
aquatic life. Aluminium compounds present in the soil react with acidic rain 
water and move away along with the stream of water into rivers, oceans and 
lakes etc. This causes poisoning of fishes. Acidic waters react with the 
essential macro and micro nutrients and kill the bacteria required for 
nitrogen fixation. All the resultant products move away alongwith the 
flowing water. Forests, the wealth of world, are also destroyed by the acid 
rain. 

A variety of preventive measures are being taken to reduce the extent of 
atmospheric pollution. Sulphur containing compounds are successfuly 
removed from most petroleum fuels during the refining process. Another - 
method of preventing pollution is to trap pollutants by some mechanical 
device or to convert them to non-polluting substances. The electrostatic 
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precipitators are being used to trap the pollutants but they are unable to trap 
gases like SO, еіс. The simplest way is to blow powdered limestone into 
the source of SO,. Sulphur dioxide reacts with CaO from CaCO,and gets 
converted to CaSO, in the form of dust pollutant. Finally it is trapped. 
However, the long term effective planning of controlling the pollutants is to 
minimize the use of fossil fuels (coal and oil) by replacing them with 
smokeless sources of energy. 
13.8.4 Sodium Thiosulphate, Na,S,O, . 5H,O 
Commercially it is known as hypo. It is manufactured by passing sulphur 
dioxide through waste liquor of sodium sulphide containing other sodium 
salts of CO2-, SO2- and SO2-. Na, S,0,.5H,O crystallizes out on allowing 
the solution to stand. A small amount of Na, $,0,.5H,O crystals is also 
added as it makes the solution supersaturated. 
Some other methods employed in the preparation of hypo are as follows: 
(i) From sodium sulphite: A concentrated solution of sodium sulphite 
is boiled with flowers of sulphur until it becomes neutral. 
Na, SO, + S + SHJO——> №,5 ,О,.5Н,0О. 
The excess of sulphur is filtered off and the filtrate is concentrated by 
evaporation to get the crystals of sodium thiosulphate. 
This method is also used to get the salt on a commercial scale. 
(1) From caustic alkali. In this method, sodium hydroxide solution is 
boiled with flowers of sulphur. 
6NaOH + 4 S———> 2Ма,5 + Na,S,0, + 3H,O. 
(її) From Springer’s reaction. It involves the oxidation of a mixture 
of Na,S and Na,SO, by iodine. 
NaS + Na, SO, + 1,—— №а,5,0, + 2Nal 
- Properties of sodium thiosulphate 
Sodium thiosulphate (m.p. 321K) is a white crystalline of efflorescent 
solid. On heating upto 490K it loses water and finally the anhydrous salt 
lecomposes on strong heating. 
490 К ——* Strong heat 
NajS,0,. 5H,0— —*» Na,$,0,— — SO, + NaS + S 
On treating with dilute НСІ it gives Н,5,0,, which on keeping loses 
sulphur and gradually turns into H,SO,. Finally it decomposes giving SO,. 
Na,$,0,——— Н,5,0, ——9 H,SO, + S 
HO + SO, 
Its aqueous solution reacts with silver nitrate solution to give a white 
precipitate of Ар,5,0, which quickly changes to yellow, brown and finally 


black Ар,5.  Na,5,0, + 3AgNO, ——— Ag, 5,0, (s) + NaNO, 


(White) 
Ag,S,0, + HO——> Ар,5 + H,SO, 
(Black) 
This test is employed for the detection of 5,057 ions. In excess of S,05~ 
solutions, Ag,S,O, dissolves forming thiosulphate [Ag (5,0) 
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and [Ag (S,0,),]- 

Sodrum thiosulphate also dissolves AgCI and AgBr completely due to the 
formation of complexes. 

AgX + 25,0277—— [Ag(S,O,),?- +X- (X=Cl, Br) 

This reaction is used in photography for fixing. UN 

Itacts asa reducing agent. On reacting with CL it gets oxidized to 
Ho Na,S,0, + 4С, + SHO— 3 2NaHSO, + 8HCL _ 

This reaction is the basis of its use as 'antichlorine" in textile industry. 
Iodine oxidizes it to tetrathionate 5,0, > ions. (5,0, ?- decolourizes L 
olution): 2Na,S,0, +1, —> Ма,5,О, + 2Nal 

The rection with iodine is the basis of iodometric titrations in volumetric 
analysis. 

Metallic ions Cu”, Fe? or Ай? oxidize thiosulphate solution to 
кию Na + 2FeCl, 5 Fe,(S,0,), + 6NaCl 

(Violet colour) 


2Na,S,0, + 2FeCl, > 2FeCl, + 2NaCI + №а,5,0,. 

With Си? and Au* salt solutions, thiosulphate forms complexes with the 
reduced ions Cu* and Au* - forming [Cu(S,O,),— and [Auf(S,0,),]. 
Hydrogen peroxide and acidified KMnO, or K;CrO, oxidize it to sulphate. 
Uses of sodium thiosulphate 

It is used: (i) in photography as a fixer and developer, (ii) in the 
extraction of gold and silver from their Ores, (iii) as an antichlors to remove 
chlorine from bleached articles, (iv) in medicine, and (у) as a laboratory 
reagent. 

13.9 HALOGENS 

Fluorine (F), chlorine (Cl), bromine (Br) and iodine (I) are collectively 
known as halogens. The name halogen is derived from the Greek word 
‘halos’ which means ‘sea salt former’. This reflects that most of these 
elements exist in sea water in the form of salts. These elements constitute 
group 17 of the periodic table. Astatine, the last element in this group is 
readioactive. Its properties seem to follow the trend in the halogen family. 
Little is known about astatine due to its radioactive nature and short half- 
life. The longest lived nuclide is “°At with a half-life of 8hr. 

Family relationship and general trends 

All halogens exist as diatomic molecules at ordinary conditions The 
molecules are held together by van der Waals forces (weak forces). The 
Strength of these forces increases with increasing size of molecules. Thus, 
the physical state of these elements changes from gas to liquid to solid 
(Table 13.5). Because of the increasing van der Waals forces, the melting 
and boiling points of the halogens increase from fluorine to iodine. 

They are all coloured because they absorb light in the visible region 
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F (g) + 2NaCI(s)——-— 2NaF(s) + CL(g) 
C1 (g) + 2NaBr (а9)——> 2NaC\(aq) + Вг,(1) 
Br,(1) + 2К1(ад)——— 2KBr(aq) + 1,(5) 
13.9.1 Occurrence 
Halogens do not occur free in nature due to their highly reactive nature. 
They are generally found in combination with metals as simple halides. 
Table 13.6 shows the relative abundance of the halogens in nature. 


TABLE 13.6 Abundance of halogens in nature 


Element Abundance in earth's Abundance ín sea 
Crust (ppm) water (ppm) 
S ыш лыш шш NENNEN EN E i 
Fluorine 800 8 
Chlorine 400 19000 
Bromine 2 65 
Todine 0.3 Extremely small 


The most reactive fluorine is found in the combined form as fluoride in 
rocks and in many natural water supplies. Fluorine occurs in a number of 
minerals, the most common being fluorspar, CaF,; cryolite, Na,AIF,; and 
fluorapatite, CaF,.3Ca, (РО,),. 

Chlorine is mainly found as sodium chloride, NaCl in sea water. It is 
also present in sea water with other alkali and alkaline earth chlorides. 
Brine wells and rock salt (NaCI) deposits make a rich source of chlorine. 

Bromine is also found in sea water as bromides (NaBr, KBr, MgBr,). It 
is also found in salt mines as sodium bromide. 

Sea water is a poor source of Iodine. However, seaweeds absorb some 
iodides from sea water and make a good source for iodine. Chile has 
extensive deposits of calcium iodate which is found alongwith the deposits 
of sodium nitrate. 

13.9.2. Preparation of Halogens 

Fluorine: 

Difficulties in the Isolation of Fluorine : 

Fluorine is highly reactive. Its reactivity resisted the efforts of chemists 
to isolate it for quite long even though its compounds were plentiful. Its 
toxic nature proved to be hazardous for the chemists. Fluorine appeared to 
be so powerful that no vessel could resist its chemical action until platinum 
vessels were utilisd. Later vessels made of copper or monel metal (Cu-Ni- 
Fe alloy) were used. These vessels are found to be attacked initially but 
metal fluoride produced during the reaction soon forms a protective coating 
preventing further action, 

Usual methods of oxidizing the halide ions to the elementa! nalogens аге 
not employed as there is no other substance that can oxidize fluoride ions to 
fluorine. Fluorine itself is the most powerful oxidizing agent of all the 
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elements. This is quite evident from the high reduction potential for 
fluorine (Table 13.5), 

The preparation of the pure fluorine is quite difficult due to its high 
reactivity and its strong affinity for hydrogen. Early attempts to isolate 
flourine using electrolytic methods failed because elecrolysis of aqueous 
solutions of hydrogen fluoride yielded oxygen and the ahnydrous acid is a 
non-conductor. 

Gaseous fluorine is normally prepared by electrolysis of perfectly dry 
molten mixture of approximate composition of KHF, and HF at 373K using 
hard carbon anode and steel cathode. Originally graphite electrodes were 
used. Graphite was found unsuitable for the anode as it was slowly 
corroded forming compounds [lamellar compound (CF)]. It increases the 
electrical resistance, and thus, requires more current, As a result, the cell 
gets heated up, and eventually, an explosion takes place. To prevent 
explosion, carbon mixed with copper is used as the anode. 

The fluorine produced generally remains mixed up with HF which may 
be removed regularly by passing the gas over solid sodium fluoride. 

NaF + HF———, NaHF, 

The temperature of the cell is maintained at 373K. Since hydrogen and 
fluorine combine explosively, mixing of fluorine with hydrogen is always 
avoided. A diaphragm made of teflon-is used to separate the cathode and 
anode. KHF, decomposes as given below: 

2F, + Н.О ——> 4HF +0, 
КНЕ, ——> KF + HF 
HF — —5H'4F- 


At cathode At anode 

— — H discharged — — — НЕ .—p-dischaged | 
H*c e ———,H Е-е ур 
H+H ——>H, F+F oo —— 5 F, 


Various types of the cells have been developed from time to time. It will 
not be out of place to make a mention of the apparatus used by Moissan 
(1886) along with the other cells, 

In Moissan’s apparatus (Fig. 13.17) both the vessel and the electrodes of 
Platumum-iridium were used. The open ends of the tube were closed with 
fluorspar stoppers through which electrodes passed into U-tube. During the - 
reaction the apparatus was suspended in a bath of evaporating methyl 
chloride (250K) to avoid the evaporation of anhydrous HF. Dennis, Veeder 
and Rochow (1931) improved upon the Moissan’s tube by using copper cell 
fitted with graphite electrodes. This cell is called Dennis’ cell. There is 
another cell called Whytlaw Gray's cell. This cell is employed for 
producing fluorine on the commercial scale also. In industry, a mild steel 
pot is used as the cathode. A carbon rod free from graphite is used as the 
anode. In Whytlaw Gray's cell electrolysis of fused KHF, in HF is done in 
an electrically heated copper (or steel) vessel which serves as cathode also. 
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Anode made of copper mixed with graphite is used. It is enclosed in a 
copper (or steel) diaphragm perforated at the bottom. This diaphragm 
avoids the mixing of H, and F,. Hydrogen and fluorine are collected at their 
respective electrodes. 

This method is far superior than the Moissan’s method. Chances of 
fluorine mixing with hydrogen have been avoided by using diaphragm. 
Wide openings are provided for the smooth escape of gases, and thus, 
frothing of the electrolyte is reduced. The apparatus employed is shown in 
Fig. 13.18. The fluorine obtained is quite pure and is compressed in steel 
cylinders. 

Chlorine 

Chlorine is prepared commercially by electrolysis of natural brines or 
concentrated aqueous sodium chloride. Industrially important hydrogen and 
caustic soda are also obtained as by products. 

A large number of electrolytic cells have been developed. However, the 
commonly used is Nelson’s cell (Fig. 13.19). 


GRAPHITE 
ELECTRODES. 


PROTECTIVE 
COATING OF. 
ASBESTOS OR 
INSOLUBLE 
FLUORIDE 
FUSED KHF, 


А "CHEATING MANTLE 
Fig. 13.17 Moissan's U-tube for the prepartion of fluorine 


GRAPHITE 69 (+) 


COATING OF 
ASBESTOS 


FUSED KHF, 
Fig. 13.18 Whytlaw Gray's cell for the preparation of fluorine. 
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When electric current is Passed through the cell, chlorine is liberated at 
the anode and is allowed to escape through the outlet. The chlorine gas is 
compressed into steel cylinders. On the other hand Na* ions start moving 
towards the cathode through the asbestos paper. Before they could reach the 
cathode, there already occurs reduction of water, liberating OH- ions and 
hydrogen. The Na* ions combine with OH- ions to form NaOH. The 
hydrogen gas is drawn off through the exit at the top and collected as such. 
Sodium hydroxide is collected in the outer tank. 

GRAPHITE Laboratory meth- 
ods for the prepa- 
ration of chlorine 
involve oxidation 
ASBESTOS of hydrochloric 
DIAPHRAGM acia with man- 


BRINE 


HYDROGEN 


ga nese oxide, 
PERFORATED MnO,, or potas- 
STEEL CATHODE sium dichromate 
STEAM INLET K.CrO,. 


Fig. 13.19 Nelson celi 
MnO, (s) + 4HCI (ад) —5 Ln) (aq) + CL (g) + 2H,O a 


14HCI (aq) + KCrO, (s)—> 2CrCl, (aq) + 2КС1 (aq) ЗСІ, (д) РА 7H,0 (1) 
Chlorine can also be Prepared by gently neating a mixture of manganese 


produced. The chlorine gas is then dried by bubbling through concentrated 
sulphuric acid and is collected by upward displacement of air. 


Bromine 
The methods for laboratory preparation of bromine are similar to those 
for chlorine, Accordingly bromine can be prepared by heating a mixture of 
KBr and manganese dioxide with concentrated H,SO,, 
2KBr (s) + MnO, (s) + 3H,SO, (1)— 2KHSO,(s)+MnSO, (aq) + 2Н,0(1) + Br, (р) 
In addition, bromine may be produced by the oxidation of the bromide 
ion by chlorine. Chlorine being more electronegative than bromine attracts 
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Fig. 13.20 Preparation of chlorine from sodium choride 


an elecuon from bromide ion; thereby oxidizing the bromide ion to free 
bromine, 2Br (aq) + СІ, (g)———» Br, (g) + СІ (aq) 

This principle is also used in the commercial production of bromine from 
sea water (contains as Br-). The bromine, thus, produced is blown out of 
the solution by a stream of air which, in turn, is passed through an aqueous 
solution of sodium carbonate; sodium bromide and sodium bromate are 
formed. 

ЗСО + 3 Вг ——э 5 Вг + ВгО, +3CO, 

On acidifying this solution with H,SO, bromine is obtained. 

SBr + BrO, +69— 3Br,+3H,O 
(reducing agent) (oxdizing agent) 
Iodine 

Iodine can be be prepared in the laboratory by using potassium iodide in 

place of KBr. 
2KI(s) + MnO,(s) + 3H,SO,(1) —5 2KHSO, (s) + MnSO, (aq) + 2H,O (1) +1, (8) 

Iodine is commercially produced from sea weeds which concentrate 
iodide ion from sea water. Combustion of sea weeds produces iodide ion 
which, in turn, can be oxidized: by chlorine gas іп a manner similar to that 
described for the production of bromine. 

Iodine occurs in the form of sodium iodate, NalO, in crude chile salt 
petre, NaNO,. The iodine is obtained by reducing the iodate with sodium 
hydrogen sulphite: 
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210; + SHSO; —+3HSO; + 2S0} « HO +1, 
(Oxidizing agent) (Reducingm agent) 
Chemical reactions of halogens 
Halogens undergo a variety of chemical reactions. The reactivity 
decreases in the order F, > CL > Br, > L, Some of these are summarized in 


он T—— (8 ` » 
BR E cua re icai iru 
TABLE 13.7. Some chemical properties of halogens 
S. Reaction Reaction equation Remarks/ 
No. with conditions 
l. Metals 


(a) Active metals 2Na«X,— 2NaX X* F, CL Br, I 
(Na, Mg) Mg*X,— Мұх, 
(b) Less active 2Fe+3X,> 2FeX, Х=Е, СІ, Br, I 
metals (Fe, Al) 2AM3X,— 2AIX, 
2. Non-Metals P, 6X, 4PX, X=F,Cl, Br, I 
(P) P,+10CL—> 4PCI, 
3. Hydrogen H, + F,2 2HF Reaction explosive even at low 
temp. and in dark. 
H, + Cl, 2HCI Reaction slow in dark. Fast in 
sunlight. 
Н, + Br, 2HBr Reaction only in presence of Pt 
catalyst at 473K, 
+1, 2HI Reaction incomplete even in 
№ E Presence of Pt catalyst, - 
4. Alkali 2NaOH + Х,—› NaX * NaOX + H,O 
(NaOH) (cold dil.) X-CLBr,I 
6NaOH + 3X, NaXO, + 5NaX + 3H,0 
(hot conc.) 
2NaOH + 2F,— 2NaF + OF, + H,O 
(cold dil.) 
4NaOH + 2F,— 4NaF + O, + 2H,O 
(conc. hot) 
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5. Oxiding character Oxidizing action decreases in 


the order Е, > Cl, Br, > L, 
(a) H,S H,S + X, (ag) 2HX + $ х= С, Вг,І 
(b) NH, 8NH, + 3X, 6NH,X +N, X=Cl, Br 
(c) H,O 2Н,0 + 2Е, 4HF + 0, Vigorous reaction 
H,O + Cl НСІ + HCIO Rapid reaction 
H,O + Br, НВг + HBrO * Slow reaction 


No reaction with L. 
6. Displacement 
reactions F, + 2NaX— 2NaF + X,  X=Cl,Br,I,F, displaces all 
other halogens from their 
halides. 
Cl, + 2NaX— 2NaCl +X, Х = Br ICI, displaces 
Br, and L. 
Br, + 2Nal— 2NaBr + I, Br, displaces I,. 1, does not 
displace any other halogen. 
о РАК сыл ll eec BIS Ree kh Se aS So See Ө - 
13.10. COMPOUNDS OF HALOGENS 
13.10.1 Interhalogen compounds 

Each halogen reacts with every other nalogens to form compounds 
known as interhalogen compounds, NU where n = 1, 3, 5 or 7. Their 
formation is ascribed to the small electronegative difference between the 
two halogen atoms. These can be prepared by direct combination of 
molecular halogens. For example, 

CL Ej——— 2CIF 
(equal volumes) 
CL, - 3F,— —5 2CIF, 
(in excess) 
Br, + SF, 2BiF, 
(in excess) 

Interhalogens are highly reactive substances. Their reactivity is better 
than the parent halogens (except fluorine) because their dissociation energy 
is less than halogens. The stability of these compounds increases as the size 
of the central atom increases. They are covalent liquids or gases. They are 
good oxidizing agents and are hydrolysed easily. CIF, is an excellent 
fluorinating agent. Some of the compounds react with alkali metal halides 
and give polyhalides. e.g. BrF, . 

yj KF + BrF, ——> K*(BrF, ) 
Conductivity measurement depicts a tendency of self-ionization among 
some interhalogens in liquid phase. 
2ICI——» It + IC 
2BrF,——» BIF; + BrF,- 
СІ, ———» ICL* + ICI, 
Some of the known interhalogens are listed in Table 13.8. 
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TABLE 13.8. Interhalogen compounds 


Name AX AX, AX, AX, 

Fluorides CIF (g) CIF, (1) CIF, (1) -— 
BrF (1) BrF, (1) BrF, (1) IF, (g) 
IF (g) IF, @) IF, @) 

Chlorides BrCl (g), ICI, (s) — — 
ICI(s) (L CI) 

Bromides IBr (s — =- 


On the basis of VSEPR theory (Unit 6) and taking into account the lobes 
with unshared pair of electrons and bond pairs, the possible geometry of 
some of the interhalogens and polyhalide ions are illustrated through Fig. 
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Fig. 13.21 Geometry of some interhalogen compounds and polyhalide ions. 
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13.10.2. Hydrogen halides (hydrides) 


All the halogens react with dihydrogen and form volatile hydrides of the 
general formula, HX. 

Various methods are used for the preparation of hydrides of halogens. 
Binary hydrides of halogens can be prepared by the direct union of their 
constituent elements under appropriate conditions. 

Commercially hydrogen fluoride and hydrogen cholride are produced by 
heating fluoride and chloride (aq) with concentrated sulphuric acid. 

heat 


CaF, (s) + H,SO, (aq) ——> CaSO, (s) + 2HF (g) 
NaCl (s) + H,SO, (aq)——9 NaHSO, (s) + НСІ (g) 
NaHSO, (s) + NaCl (ag).— —5 Na,SO, (aq) + НСІ (р) 
These methods are also employed for the laboratory preparation of HF 
and НСІ. Hydrogen chloride is more volatile than sulphuric acid and is 
, removed from the reaction as it is formed, thereby driving the reaction to 
completion. 
NaCl (s) + HSO, (1) —— NaHSO, (s) + НСІ (р) 
Only at higher temperatures than those normally attained in the 
laboratory, the normal sulphate is formed. 
T 2NaCI (s) + H, SO, ——5 Na, SO, (s) + 2HCI (р) 
The gas is collected by upward displacement of air as the gas is heavier 
than air (Fig. 13122). Hydrogen chloride. is dried by bubbling through 


` ,concentrated sulphuric acid. 


` On a large scale, hydrogen chloride can be produced by burning chlorine 

in hydrogen. A large amount of hydrogen chloride is availabic as а by 

product in the chlorination of organic compounds. 

. The HF and НСІ, thus, produced are absorbed in water forming 

hydrofluoric and hydrochloric acids 
CONC. 


- = 
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In the Preparation of HBr and HI, this method gives rise to certain 
SO, products, hence, is not used. Both HBr and HI are oxidized by 
NaBr + H,SO, — —, NaHSO, + HBr 
H,SO, + 2HBr———, 2H,0 + SO, + Br, 

Nal+H SO; ——», NaHSO, + 
H,SO, + 2HI—— — 2H,0 + SO, +1, 

Hydrogen halides can also be prepared by the hydrolysis of covalent 
halides of certain non-metals. PCL, PBr,, PI, and SCI, generally react with 
water to form two acids—the HX and an oxyacid of the non-metal other 
than halogen. PCI, + 3H,0— —»5 Н,РО, + 3HCI 

SCI, + 3H.0— —» H,SO, + 4HCI 
This method is commonly employed for the preparation of HBr and HI. 
Pure HF can be prepared by heating potassium hydrogen fluoride. 
KHF,— —» KF + HF 

Hydrogen fluoride is also a by product of the phosphoric acid industry 
but the presence of SiO, leads to the formation of H,SiF, from which it is 
not easy to recover HF profitably. 1 

Aqueous HBr and HI can be prepared by the reduction of the molecular 
halogen by means of H,SO, or HS. 

Br, + HLS— —*2HBr + S 
Br, + Н,50, + H,O—» 2 НВг+ H,SO, 
I, + H,S— —»2HI + $ 
I, + H,SO, + Н,0—» 2НІ + H,SO, 

Properties: At room temperature all the hydrogen halides are colourless 
gases with an irritating odour. Like the elements, the binary hydrides show 
similarities and regular trends in properties in order of increasing atomic 
number. They show no acid character when perfectly dry. In solution, НСІ, 
HBr and HI are strong acids but HF is relatively weak (ionizes only 5 %). 
This can be ascribed to strong electronegative nature of fluorine which 
makes its compounds highly stable. They are all polar covalent compounds, 
The polarity is maximum for HF and minimum for HI. 

At ordinary temperatures, HF molecules polymerize through hydrogn 
bonding Fig. 13. 23, 


Fig. 13. 23. Polymeric molecule of. hydrogen fluoride 
resulting from hydrogen bonding. 
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TABLE 13.9 Some physical properties of binary hydrides 


Property HF HCI HBr HI 
еы Te Me deo lont EE эы a 
Physical state at 288K Liquid Gas Gas Gas 
Melting point (K) 190 1584 186 222 
Boiling point (K) 292.5 189 206 238 
Heat of formation AH, (kJ mol 1 —2709 —924 —30.67 | —5.55 
Bond energy (kJ тої!) 566 431 366 299 
HX (g)> Н (р) +X (g) ) 
Bond length (pm) 86 128 142 160 
Heat of vapourization, 777 16.21 17.68 19.8 
AH, (kJ тос?) 

Dipole moment (Debye) 1.98 1.03 078 038 
Bis rm ionic bonding 43 17 12 5 
Solubility in water g/100g-of water ос 82.3 221 234 at 
at 273 К 283K 


Binary hydrides decompose when heated sufficiently. HI decomposes 
most easily while HF and НСІ show only minor dissociation even at 1273k. 
Thus, their thermal stability decreases as the formula weight increases. They 
fume in moist air and are soluble in water. In anyhydrous state they are 
almost chemically inactive and do not attack metals at ordinary 
temperatures, 

Binary hydrides are covalent substances, But their aqueous solutions 
conduct electricity. On dissolving the hydrides, the H — X bond is broken 
and the proton becomes hydrated. 

H — X(g) + HO (1)— H,O* (aq) + X- (aq) 

The heat of formation of H,O* ion initiates the dissociation of bond. 
Since the bond in HI is the weakest, it ionizes strongly in solution. Thus, 
acid strength decreases in the order Hl > HBr > НСІ > HF. Salts of these 
acids are called halides, the most important of which is NaCl. 

Values of heats of formation and dissociation show a decrease in bond 
strength form HF to HI. 

Of the four hydrides, HI is the most reducing agent. I- is the most 
powerful electron donor. The reducing power of the hydrogen halides 
follows the sequence HI > HBr > НСІ > НЕ. 

HF has no reducing properties. The highest b.p., heat of formation and 
the bond energy and the lowest heat of vapourization for HF compared to 
other hydrides are ascribed to hydrogen bonding present in HF molecules. 
13.10.3 Uses of halogens and their compounds 


Halogens and their compounds have found various applications. Some of 
their applications are summarized in Table 13.10. 
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TABLE 13.10 Major applications of halogens and their compounds 


Halogens Areas of application 


Fluorine Both fluorine and HF in the preparation of fluorocarbons 
(Section 10.9), UF, (used in the separation of isotopes of 
uranium), SnF, (effective in preventing tooth decay) and NaF 
(an insecticide, a salt used in fluoridation of drinking water, as a 
flux and as a fungcide on wood). 

Fluorine as an oxidizing agent in rockets. 

HF in the preparation of cryolite, Na,AIF, (used in the 
metallurgy of Al), BF, (serves as a catalyst in the industrial 
manufacture of certain organic compounds), CaF,, elc. , (used as 
a flux). Used in etching glass (manufacture of graduated glass 
wares, thermometres, etc). CIF, and BrF, as fluorinating agents. 
Fluorine as a strong oxidizing agent. 

Chlorine Chlorine as a germicide and disinfectant in the purification of 
| water; in the manufacture of plastics (PVC), synthetic rubbers, 
| antiseptics and insecticides (DDT), dyes, drugs and chlorine 

containimg solvents (used in dry cleaning), in metallurgical 
operations, e.g., recovering of gold, etc,; in industries for the 
preparation of chemicals, eg., HCl, chloroform, bleaching 

. powder (germicide, deodourizer), NaClO (bleaching agent), 
chlorates and perochlorates (used in matches, fireworks and 
explosives), poisonous gases (phosgene, tear gas and mustard 
gas) еіс. Chlorine water as an external antiseptic; as a strong 
bleaching agent for fabrics. HCl in the manufacture of metal 
chlorides, dyes, glue, glucose, etc.; in removing oxide coatings 
from iron or steel. 

Bromine Bromine in the manufacture of ethylene dibromide (a constituent 
of antiknock gasoline alongwith lead tertraethyl), dyes, AgBr 
(for photographic emulsions), bromides of sodium and 
potassium (in medicines as sedatives and soporifics), drugs, 
methly bromide (as fire extinguishers) and organic compounds 
(xylyl bromide or bromoacetone as tear gases). 

Bromide as an oxidizing agent. BrF, as a strong fluorinating 
agent. 

Todine Iodine in the manufcture/prepartion of tincture of iodine (iodine 
in alcohol along with KI acts as an antiseptic), dyes, Agl (for 
photographic emulsions), KI or Nal (used in medicine for the 
treatment of goitre and other thyroid disorders), pharmaceutical: 
chemicals, organic compounds—iodoform, indole (antiseptic) 
and polaroid. 

Iodine as a disinfectant, a reagent in laboratories and an organic 
catalyst. 


13.11 NOBLE GASES 
The atmosphere contains a family of gaseous elements, the noble gases, 
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which remained undiscovered on the earth until 1894. These gaseous 

elements, helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe) and 

radon (Rn) constitute the group of the periodic table. Radon, the last 
© member of the family is not present in the atmosphere. 

These gases are collectively known by different names, rare gases, inert 
gases or noble gases. The term inert is no longer applicable to the group as 
a whole because the heavier three members of the family (particularly 
xenon) are not inert. It is best to call them noble gases which would mean 
rightly their reluctance to react. You might recall at this moment the usage 
of the term noble to describe the chemistry of some metals such as gold, 
platinum, etc. Because of their low abundance on the earth, they have also 
been called rare gases. 

All noble gases, except helium, have the stable outer electronic 
configurations ns?npf.Hetium has the ls! configuration. The stable ele- 
ctronic configuration well explains their high degree of chemical inertness 
in common chemical reactions. This configuration is also associated with 
inertness of ionized elements, e.g., Na*, Ca”, AP*, etc., and is the basis of 
the ‘octet rule’. 

The unique chemical inertness associated with the name of the noble 
gases is reflected in the history of their discovery which was followed by a 
long gap of a few decades before xenon could be made to combine with only 
the most electronegative element fluorine. 

13.11.1 Discovery of the noble gases 

The existence of these elements was not foreseen by Mendeleev. The 
story of the discovery and investigation of the noble gases is one of the most 
brilliant and interesting topics in the History of Science. This can be traced 
back to 1785 when Henry Cavendish investigated the composition of 
atmosphere. He subjected a mixture of dioxygen and air to electric spark. 
The oxides of nitrogen thus formed were separated by dissolving them in an 
alkaline solution. Even after repeated sparking, a small residual gas 
(1/120th part of the original volume of air) was always left behind which 
was neither dinitrogen nor dioxygen. What Cavendish had actually isolated 
was, of course, a mixture of the noble gases, but he could not characterize 
this as component of the air. It would be interesting for you to know that his 
figures are remarkably close to the volume contents of the noble gases in the 
atmosphere as we now know them. The importance of this observation was 
not realized until 1894. In 1894, a new turn came in noble gas chemistry 
with the Lord Rayleigh’s observations. He made precise and accurate 
measurements of the densities of common gases and found to his surprise 
that although one litre of atmospheric dinitrogen (obtained from air by the 
removal of O,, CO, and H,O) weighed 1.2574 g, one litre of pure dinitrogen 
(prepared by the decomposition of ammonia) weighed only 1.2506 g under 
the same conditions. Reyleigh tried to correlate this discrepancy with the 
Cavendish’s residual gas and suspected the presence of a previously 
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unidentified element in the atmosphere. In that very year, both Sir William 
Ramsay and Rayleigh treated “atmospheric dinitrogen” with heated 
magnesium and obtained solid magnesium nitride (Mg,N,). The small 
amount of residual gas left after the reaction was identified on the basis of 
spectroscopic studies, as a new element which was named argon (Greek 
word = lazy or idle) because it would not react. 

You remember Mendeleev's periodic table which had no place for a new 
and inert gaseous element. This led Ramsay to suggest that a whole new 
group of such elemetrs might be present. In 1898 Ramsay and Travers 
carried out fractional distillation of the residual unreactive gas named argon. 
As a result, they characterized another element and named it neon (Greek 
word = new). Further analysis of the less volatile fraction and spectroscopic 
characterization, led to the discovery of other two elements kyrpton (Greék 
word = hidden) and xenon (Greek word = strange). 

As you would just appreciate, the history of the discovery of helium 
merits separate discussion. As early as 1869, French astronomer Jansson 
came to India. He made certain spectroscopic studies of the rays of the sun 
at the time of eclipse. He observed a new yellow line, differing in position 
from the D lines of sodium, in the solar spectrum so obtained. This led 
British scientist Frankland and Lockyer to conclude that the sun contained a 
new element which they naturally named helium (Greek word = sun). All 
efforts to discover this element on the earth were unsuccesful until 1895. In 
1895, Ramsay while searching for argon, examined the gases obtained from 
heating uranium minerals. He obtained a gas from clevite which had a 
spectrum identical with that of helium in the sun’s spectrum. Five years 
later he and Travers isolated helium from a sample of atmospheric neon. 

The radioactive member of the group radon was first identified іп 1902 
by Rutherford and Soddy as a decay product of radium. The name finds it 
origin from radium and the termination ‘on’ was adopted from the analogy 
of names for noble gases. 

The distinctive discovery of the noble gases was recognized by the Nobel 
Prize, the highest International Award for a scientist. Sir W. Ramsay 
reccived the Nobel Prize in Chemistry for the year 1904 for the discovery of 
the noble gases in air and their place in the periodic table. The Physics prize 
of the same year was awarded to Lord Rayleigh for investigations of the 
densities of the common gases and for the discovery of argon in the course 
of these studies. 

13.11.3 Occurrence and isolation 

All the noble gases occur as minor constituents of the atmosphere, 
thougi the radioactive and very rare element radon is not present in constant 
proportion. Their total abundance in dry air is 1% by volume. Table 13.11 
gives the abundance of the noble gases in the atmosphere. Helium is also 
present in natural hydrocarbon gaes. It is also found occluded in some 
uranium minerals like monazite, efc. In both sources it is probably formed 
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by а particles emission during rodioactive disintegration of some nuclides 
present. Helium is the second most abundant element in the universe (23% 
compared to 76% dihydrogen) altough its terrestrial abundance is very low. 

Helium, neon, argon, kyrpton and xenon are obtained commercially from 
liquid air by fractional distillation. Radon is a product of radioactive 
disintegration of a element (for example radium and actinium). It may also 
be obtained by isolating it. from the gas produced in an acidified solution of 
radium chloride. 

226. —— 222 + 4 
R Ra He 


88 86 2 


TABLE 13.11: Some properties of the noble gases 


Property He Ne Ar Kr Xe Rn 
Atomic number 2 10 18 36 54 86 
Outer shell electronic 152 2s? 352 452 552 652 
configuration 2р° Зр“ ` 4р5 5p* 6р 
First ionization 2372 2080 1520 1351 1170 1037 
energy (kJ mol!) 

van der waals 140 154 188 202 216 — 
radius (pm) 

Melting point (K) (a) 27 87 119.8 164 211 
Boiling point (K) 4.0 24.4 83.6 115.8 161 202 


Heat of vapourization, 0.09 1.84 6.27 9.66 13.68 »18.00 
АН уар (kJ mol-!) 


Abundance in dry 524 18.18 | 9340 1.14 0.087 Variable 
air (ppm) by volume 


traces 


(a) : Helium is the only liquid which cannot be frozen by reducing temperature 
alone. Pressure must also be applied. 


13.11.4 General Trends 

The properties and the general trends in properties of the noble gases are 
summarized in Table 13.11. 

All the noble gases are colourless, odourless and tasteless. They are 
monoatomic in the gaseous state as suggested by the relatively high 
ionization potentials. They remain gaseous at temperatures at which most of 
the other elements are liquids and solids. 

Their boiling points, melting points and heats of vapourization are 
extremely low. These properties indicate the absence of strong chemical 
bonds. Since all the valence electrons are paired in the ground state of the 
atom, only weak interatomic forces (van der Waals type) operate to hold the 
atoms together in the liquid and solid states. The increase in values with 
atomic mass points towards the increasing polarizability of the larger and 
loose. electron clouds of the elements. Weak interatomic valency forces 
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result in large atomic radii. Such radii are called non-bonded van der Waals 
radii and increase on descending the group as expected. 

Their ionization energies are of very high order. With increasing atomic 
size there is a decrease in ionization energy. It is relatively difficult to 
liquefy these gases as their atoms are held only by weak forces. The process 
of liquefaction becomes easier with increase in size as the van der Waals 
forces become stronger in nature. 

Helium is unique in some of its properties. When helium is cooled under 
one atmosphere pressure, it liquefies at 4.12K. It acquires the normal 
properties of a liquid (helium—1) until it is cooled to 2.18K. This liquid at 
2.18K, with some abnormal characteristics, is called helium-II. It has been 
referred to as the ‘fourth state of matter’. The liquid is a superfluid, i.e., 
its viscosity is almost zero and it can creep out of the vessel in which it is 
contained in defiance of gravity. It is unusually a better conductor of heat 
and electricity than copper metal. 

13.11.5 Compounds of the noble gases 

No real compounds of the noble gases were known until 1962. Since then 
rapid progress has been made in the field of noble gas compounds. Bartlett, 
in the course of his investigation of various reactions of fluorine with 
platinum and its salts in a glass apparatus, observed the formation of a red 
solid, O*, [PLE]. The formation of this compound involves the loss of an 
electron from molecular oxygen. _ 

О, *PLE, — О; [Pt F.1- 

By the consideration that the first ionization energy of O,(O, O*, + e) 
is close to the first ionization energy of xenon (Xe Xe* + e7), Bartlett 
reasoned that xenon might form a compound with Pt F, similar to the 
dioxygenyl hexafluoroplatinate (V), O*, [Pt F,]-. In June 1962, he could 
actually prepare a yellow-red powder corresponding to Xe*[Pt F,J~ by 
interaction of Pt F, with Xe. 4 
Xe + PLE,-—— Xe'[PLE,] 7 

This was the beginning of the research in an extremely challenging field 
of noble gas compounds. Since then many compounds have been isolated 
and characterized, e.g., chemical compounds betwen fluorine and also 
oxygen and the noble gases krypton, xenon and radon. However, the 
chemical behaviour of xenon has drawn most of the attention and only the 
compounds of xenon will be described briefly here. 

Xenon forms a number of compounds with fluorine. The best 
characterized fluorides of Xe are XeF,, Xe F, and Xe F,. Each of them is 
prepared by direct interaction of Xe and Е,. іп a sealed nickel or топе] 
container. The product obtained depends on the temperature, pressure and 
mixing ratio of the elements. 

ХеЕ,: 673K, 2hr 

Xe + F,——_______» ХеЕ, (99.7% yield) 
(2:1 ratio) > 
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The heated mixture is subsequently cooled. A white solid of XeF, 
separates on vacuum sublimation. Both XeF, (0.3%) and XeF, (negligible) 
are also formed. 

XeF, can also be prepared by exposing the gas mixture to sunlight at one 
atmosphere pressure for a few hours. On exposing a mixture of Xe and OF, 
to sunlight, XeF, separates. 

= XeF;: Pure XeF, is difficult to prepare by the usual thermal methods. It 
usually separates together with XeF, and XeF,. It is difficult to remove 
XeF, by fractional distillation (similar vapour pressure at room 
temperature). XeF, can be easily separated (discussed later). 

Since XcF, is easily removed, so it is good to employ an excess of F, to 
reduce the formation of XeF,. 

Wee ВОТ Куш, 
{2:5 ratio) г 
XeF; Synthesis of XeF, requires vigorous conditions. 
513 - 673K, 10 - 20 hr, 50 - 200 atm 
Хер. ——————————— ——»- Xe + 3F, 
6 (1:20 ratio) 

A 95% yield is obtained together with impurities of the kind XeF,, XeF, 
and XeF,. 

The xenon fluorides, XeF,, XeF, and XeF, are white crystalline solids at 
room temperature, melting at 402K, 362-373K and 322.6K respectively. 
XeF, is the most volatile (vapour pressure 25mm at 298K). They are 
exothermic compounds. XeF, and XeF, get hydrolysed. 

Purification of XeF, 

It is always contaminated with some amounts of XeF, and XeF,. It can 

; . - 2 6 

be purified by making use of its inability to donate fluoride ion to AsF, 
acceptor. Impure XcF, is dissolved in BrF, and treated with an excess of 
ASF,. ХеЕ, and XeF, form non-volatile salts [Хе,Е,]* [AsF,]~. Unreacted 
BrF, and AsF, are distilled off at 273K. Pure XeF, is then obtained by 
vacuum distillation at room temperature. 


XeF, Dissolve in BrF, and add [Хе + F}? [ASF] 
XeF, excess AsF, 7 XeF, + unreacted BrF, 
XeF, 


and AsF,, [XeF,]* [ASF] 
—А$Е, Distillation 
—BiF, at 273K 
XeF, Vacuum sublimation 
at room temperature 
Sues can be further purified by taking advantage of its ability to form 
aut CH with NaF. The impurities do not form stable complexes 
i and can be pumped off at 325K. The stable complex, ` . KeF, 


Xe F; XeF, + XeF; AsF.- 
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is then heated to 400K under vacuum when it gives pure XcF,. 

KrF, has been characterized but no stable compounds of He, Ne or Ar are 
known. 

Structure of xenon fluorides 

In the formation of XeF,, one of the 5p electrons in Xe is uncoupled and 
promoted to the 5d orbital. The two unpaired electrons form bonds with two 
fluorine atoms. Thus, Хе assumes sp'd hybridization. Because of the 
presence of 3 lone pairs of electrons, the Xe and F atoms lies in a straight 
line (liner disposition). 

In XeF,, two of the 5p electrons are promoted to the 5d orbitals. In the 
process, Xe assumes sp*d? hybridization. Because of the presence of two 
lone pairs of electrons, the molecule acquires a square planar structure. 

In XeF,, three 5p electrons are promoted to the Sd orbitals. іп the 
process, Xe assumes sp'd* hybridization. Because of the presence of onc 
lone pair of electrons, the molecule acquires a distorted octahedron with a 
non-bonding electron pair extending either through face or through an edge. 

SAME STRUCTURE 
Ms - р AS 101 
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13.11.5 Uses of Noble Gases 

The noble gases have many uses, some of which they derive from their 
inactive properties. 

Helium: Its most versatile uses are based on its inertness, low molecular 
mass and ability to remain as a liquid at temperatures approaching the 
absolute zero and contain unusual properties possessed by liquid helium and 
no other liquid. It is used in filling air ships and weather baloons due to its 
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non-inflammability and low density. Thus, it eliminated the fire hazard 
possible when dihydrogen was present. 

Helium with dioxygen is used by deep sea divers, in place of dinitrogen- 
dioxygen mixtures. It is less soluble than dinitrogen in the blood stream. 
The use of helium prevents the danger of a pathological condition called 
‘bends’ when the divers come to the surface and the pressure releases. It is 
caused by the formation of bubbles of dinitrogen inpiood veins which block 


circulation and can be fatal. In hospitals, mixtures of helium and dioxygen 
are used to treat respiratory diseases, such as, asthma. The lighteness and 
rapid diffusion reduce the muscular effort involved in breathing. 

Metals become superconducting at liquid helium temperatures. The 
underground transmission of electric power through metal cables suspended 
in liquid helium is being explored currently. The large electromagnets 
required in a nuclear fusion reactor also utilize huge quantities of liquid 
helium to render metals superconducting. 

Helium is used to provide an inert atmosphere for melting and welding of 
easily oxidizable metals and for many metallurgical operations and chemical 
processes. It is also used as carrier gas in chromatography. It is used as а 
cooling agent when extremley low temperatures are required. Luminescent 
tubes are also filled with helium. 

Neon: It is used in the neon lamps and signs. A brilliant orange-red 
glow is produced when electric current is passed through an evacuated glass 
tube containing neon gas at low pressure. 

Argon: It is used in electric light bulbs to replace air which would 
destroy the hot filament by oxidation. Argon with mercury vapours is used 
in fluorescent tubes. Geiger-counter tubes are also filled with argon. 

Krypton and Xenon: A krypton-xenon photographic flash tube has 
been developed. High speed photographic exposures can be taken using this 
tube. Xenon is also used in radio and television tubes. 

Radon: Itis used in radio-therapy in treatment of cancer. Except helium 
and radon, all gases are used in lasers and in filling luminescent electric 
tubes for various advertising and other purposes. They emit beautifully 
coloured penetrating light. 


SELF ASSESSMENT QUESTIONS 
Multiple Choice questions 
13.1 Put a tick ( ) mark against the most : 
(1) А gas that cannot be Ries Nes sacl is «Ике ҮЙ 
(a) М, (b) О, (c) SO, (d) PH, (IIT 1985) 


(ii) Which one among the following pairs of i in di 
omnis g pai ions cannot be separated by Н,5 in dilute 


(а) Ві", Snt (b) АІ", Hg? (c) Zn?*, Cu^« 
М b) Al", E IT 1986) 
(ii) The compound which gives off dioxygen on moderate heating is: К 

ү) "d oxide (b) Mercuric oxide 
. (c) Zinc oxide (d) Aluminium oxide ) (AT 1988) 
(iv) The mh that gives hydrogen peroxide on treatment with a dilute acid is : 

(a) ^ (b) Na,O, (с) MnO, (d) TiO, (IT 1985) 
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(v) Bromine can be liberated from KBr solution by the action of : 
(a) Iodine solution (b) Chlorine water. 
(c) Sodium chloride (d) Potassium iodide 7 
(vi) Which of the followings oxidizing agents is used in the preparation of chlorine’ from 
concentrated hydrochloric acid ? 
(a) MnO, (b) KMnO, (c) H,SO, (d) KNO, 
(vii) Which of the followings acts as reducing agent ? 
(а) НСІ) H,SO, ^ (с) HNO, (d a, 
(viii) Which of the following elements does not show allotropy? 
(a) Oxygen (b) Nitrogen (c) Sulphur (d) Phosphorus 
(ix) Which of the following electron configurations does not represent non-metals? 
(a) 2,8,7 (b) 2,8,5 (c) 2,82 (d) 2,8,6 
(x) Which of the following statements is not correct? 
(a) Halogens are found in the combined state in the earth’s cnust. 
(b) Sulphuric acid is a viscous liquid 
(c) Hydrogen sulphide gas is employed in qualitative analysis of anions and cations. 
(d) Ammonia is manufactured by Ostwald's process. 
(xi) Which of the following hydrogen halides has the maximum boiling point? 
(a) HF (b) HCl(c) HBr(d) HI 
(xii) Which of the following halogens is the most oxidant? 
(а) Е, ()CL ()L (Br 
(xiii) Which of the following elements does not involved orbitals ? 
а)О (Ы) Хе ()S (0) СІ x 
(xiv) Which of the following oxides does not cause acid rain ? 
(а) SO, (b) №, (с) CO, (d) P,O,, 
(xv) Which of the following halogens is the most electronegative? 
(а) F, ©) С, © Br, (3) L 
(xvi) Which of the following species is the polyhalide ion ? 
(a) CIF,(b) BrF, (c) ICF, (d) IF, 
13.2.Fill in the blanks: 
(i) Thermal decomposition of gives dioxygen gas. 
(ii) The reaction of water on gives dioxygen gas. 
(iii) Ozone is formed in the by a photochemical reaction. 
(iv) In the normal ice, each oxygen atom is surrouned by 
other oxygen atoms. 
(V) Hydrogen peroxide is manufactured by the of orgayic compound. 
(vi) ________is used for the continuous supply of H,S gas in the laboratory. 
(vii) Sulphur trioxide gas from the catalytic chamber is passed through sulphuric acid to 
obtain 


(viii)The molecular formal of hypo is 3 

(ix) Thisulphate ion is by iodine to 

(x) Fluórine in all its compounds has anoxidation state of 

13.3 Match each item of the right hand column with an appropriate item in left hand 
column for each of the followings: 


G) Chlorine 1 .Oxygen 

(ii) Sodium thiosulphate 2. Deacon process 

Gii) Priestley 1 3. Ozone 

(iv) Ramsay 4. Antichlor 

(v) Hydrogen 5. Catalyst 

(vi) Disinfectant 6. Copper sulphate 

(vii) Calcium carbonate 7. Used in photography 

(viii) Vanadium pentoxide 8. Inert gases 

(ix) Hydrate 9. Effective in preventing tooth decay 
\ (x) Sodium fluoride 10. An oxidizing agent 

(xi) Iodine 11. Most basic 
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(xii) Silver bromide 12. Hard water 

13.4 Write true (T) or false (F) against each of ^he following statements: 

(1) Hydrogen sulphide acts as a reducing agent. 

(ii) The dilute sulphuric acid on reacting with copper tumings gives sulphur dioxide. А 

(iii) Mhe bleaching properties of both sulphur dioxide and chlorine depend on their 
reducing nature. : 

(iv) For the preparation of dilute sulphuric acid, concentrated sulphuric acid is added to 
water with constant stirring. 

(v) Chlorine is the most active among halogens. 

(vi) HF is the strongest acid among all the hydrohalic acids. 

(vii) Van der Waals radii of noble gases are smaller than atomic radii. 

(viii)Radon is one of the constituents of the atmosphere. 

(ix) The density of water is maximum at 277k. 

(x) Ozone is not an allotropic form of dioxygen. 

SHORT ANSWER QUESTIONS 
13.5 (i) In solution chlorine is a stronger oxidizing agent than fluorine. Comment. 


(ПТ 1984) 
fiiy Anhydrous HCl is a bad conductor of electricity but aqueous HCl is a good 
= conductor. Comment. (IIT 1985) 
(iii) Fluorine cannot be prepared from fluoride by chemical oxidation. Comment. 
(ПТ 1985) 
(iv) Arrange the following in order of their increasing acidic character: (ПТ 1985) 
ZnO, NaO, P,O, MgO 
(v) Arrange the following in order of their increasing bond length: (IIT 1985) 
E, М, Сі, 9, 
(vi) What happens when hydrogen sulphide is bubbled through an aqueous solution of 
$0,? (ПТ 1985) 
(vii) Hydrogen peroxide is a better oxidizing agent than water ? (ПТ 1986) 
(viii) Arrange the following in the order of their (IIT 1986) 
(a) increasing bond strength, 
HCI, HBr, HF, HI 
(b) increasing oxidation number of iodine, (IIT 1986) 
L, HI, HIO,, ICT 


(ix) Mention the products formed in the following: 
(a) Chlorine gas is bubbled \hrough a solution of ferrous bromide. 


(b) Sulphur dioxide gas, water vapour and air are passed over heated sodium chloride. 
(c) Sulphur is treated with an alkali. (IT 1986) 
(х) The valency of oxygen is generally two whereas sulphur shows valencies of two, four 


and six. 
(xi) Write the balanced equation for: iodate ion reacts with bisulphite ion to liberate 
.. iodine. (ПТ 1988) 
(xii) What is the im 


portance of heavy water with regard to nuclear power stations ? 
13.6.(а) Comment on the role of the substances underlined in the following reactions: 
1, HS + Cl,  2HCI + S 
Conc. H,SO, 
—— MÀ 74. 
2. CuSO,.5H,O ——72 O80, H,0 + 48,0 


3. SHOHNO,—> H,SO, + 6NO, «211,0 
4. ANH, + 50, 


 4NO«6H,0 
1073K 
5.1, -H,O— HCI + HOC 
sunlight 
2НОС1-———+2НС1 + 0, 
(b) Name the gases produced in the following rections: 
(i) Potassium chlorate is heated in the presence of manganese dioxide. 
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(ii) Zinc is treated with dilute sulphuric acid. 
(iii) Magnesium is treated with dilute nitric acid. 
(iv) Dilute sulphuric acid is added to iron pyrites. 
(у) Copper tumings are heated with conc sulphuric acid. 
(vi) A mixture of sodium nitrite and ammonium chloride is heated. 
(vii) A mixture of common salt and concentrated sulphuric acid is heated. 
(viii) A mixture of slaked lime and ammonium chloride is heated. 
(ix) A mixture of manganese dioxide and conc. hydrochloric acid is heated. 
(x) Copper is treated with concentrated nitric acid, 
(c) What happens when Cl, reacts with: (i) alkali metal, (ii) sulphur dioxide solution in 
water (iii) a non-metal, (iv) sodium hydroxide, and (v) slaked lime ? 


Give equations. 

(d) Distinguish between hydrogen chloride and hydrochloric acid, 

(e) Why is chlorine a potential disinfectant ? 

TERMINAL QUESTIONS 
13.1 (a) Define the term combustion. Is combustion restricted to reactions involving 
dioxygen ? Explain. 
(b) Why is ozone a more active oxidizing agent than dioxygen ? 
13.2 (a) Account for the polar character of water and its high boiling point. 
(b) Describe the hydrogen bond. 
(c) Under what conditions does water exist a single H,O molecule? 
3.3 (a) Discuss the structure of ice. 
(b) Which metal oxides react with water to form bases? 
(c) What is heavy water and how is it prepared? 
3.4 (a) How is hydrogen peroxide prepared commercially and in the laboratory? 
(b) Why is H,O, purified by distillation under reduced pressure? What are 
stabilizers? н 

13.5 (a) Under what conditions does H,O, act as a reductant and oxidant? 

(b) What is the advantage of using H,O, as an oxidizing agent over other such 
agents? 

(c) Distinguish between oxides and peroxides in terms of electronic structure. 

(d) Write an equation showing that Н,О, is an acid. 

13.6 (a) Starting from elemental sulphur, how would you prepare 

G) H,SO,, Gi) NaS,O, (ш) H,S,0, 

(b) Describe the contact process for the manufacture of sulphuric acid. 

13.7 (a) How do you account for the high viscosity and high boiling point of conc. 

H,SO, ? 

(b). What types of hybridizations of sulphur atom exist in the following ions and 
molecules? 
SO:-, SO, SO, SO}-, 

Also mention the oxidation state of sulphur in each. 

13.8 (a) Comment on the structural features: 

(a) Both SO, and SO, molecules assume sp? hybridization, SO, is angular while SO, 
is trigonal in shapes, 

(b) Ozone has resonating structures, 

(c) SO?- ion is tetrahedral. 

(d) Sulphur is S, while oxygen is O,. 

(e) The O-O bond energy in 0, is much larger than the S-S bond energy in S,. 

13.9 Arrange the halogens in order of decreasing: (a) ionization potential, (b) oxidizing 
ромег, (с) bond energy, (4) atomic radius, (е) electronegativity, (f) boiling point, 
and (g) intensity of colour. 

13.10€) Mention the ways in which halogens can acquire noble gas configurations 

during compound formation. 
(b) Give the various reactions of water and hydrogen with halogens. 
(c) Why is it essential to prepare fluorine by an electolytic method? 


671 


13.11. (à) Give a brief resume of the ways in which the behaviour of fluorine differs from 

the other halogens. 

(b) Name the factors responsible for the differences. — 

13.12 (a) Give reasons for the delayed isolation of fluorine. ў Baie à 

(b) In what way Whytlaw Gray's method for the preparation of fluorine is superior to 
Moissan's method? E AM 

13.13. (а) Generally halohalic acids are prepared by the action of conc. sulphuric acid on 
the appropriate halides. But this method is not suitable for the preparation of HBr 
and HI, Explain.. 

(b) Why does HF tend to associate into bigger molecules? Name two other compounds 
which also show association. Does associatin affect the properties of molecule? 
Explain the effects observed with HF in comparison to other compounds - НСІ, НВг 
and HI. 

(c) Name two sources and four important uses for each of the halogens. 

13.14. (a) In what ways do the boiling and melting points of the noble gases behave with 
increasing size of the gas? Explain. 

(b) Give reasons for the low boiling points of the noble gases. 

' (с) Light noble gases, He and Ne are not capable of forming many compounds. Explain? 


(d) Discuss the discovery of the noble gases. Whe did they remain undiscovered for such 
a long time? 


13.15 List some uses of helium and radon. 

13.16. What are interhalogen compounds. List a few interhalogen compounds of type 
XX, (n-3, 5, 7) and predict their molecular shapes from VSEPR theory. 

13.17. (а) Which of the noble gases are capable of forming compounds ? Write formulae 
to illustrate some of these compounds. 

(b) What are the molecular shapes of XeF, and XeF,. 


(c) Why were the first successful attempts at preparing compounds of xenon made with 
fluorine? 
ANSWERS TO SELF ASSESSMENT QUESTIONS 
13.1 G) (б) Gi) b Gil) b. Qv) b. (v) b. (vi) a. (уй) а (viii) b (x) с (x) d 
(ai) а (xii) a (xiii) a (xiv) d (xv) a (xvi) c 
13.2 (i) Oxygen rich compound KMnO, or KCIO, (i) Na,O, (ii) upper atm= 
osphere (iv) hexogonal; tetrahedrally, four(v) autoxidation, 2 ethylanthraquinone 


P Kms apparatus (vii) oleum (viii) М№а,5,0,.5Н,О (ix) oxidized tetrathionate jon 
х) —l. 


13.3 G) 2 Gi) 4 Gii) 1 (iv) 8 (v) 10 (vi) 3 (vii) 12 (viii) 5 (ix) 6 (х) 9 
(xi) 11 (xii) 7 

13.4 G) T Gi) F (ui) Е (v) T (v) Е (vi) Е (wii) F (vii) Е (ix) T (x) Е 

13.5 (i) The given statement is wrong, because the hydration energy of F— is more than 
that of Cl-. | 

(i) Anhydrous HCI (covalent) does not fumish any ion, hence, does not conduct 
eleurieity On the other hand aqueous НСІ, being an ionic compound furnishes ions 

дЫ and is, thus, a good conductor of electricity. 

(ii) This is “sag the element fluorine is the most electronegative, and hence, is the 
most oxidant of all the elements. It i i 
MA rer oa cannot be prepared from its fluoride by 

(iv) Na,O,<Mg0<ZnO<P,O, 

(у) N,<O,<F,<Cl, 

(i) Sulphur dioxide is reduced to sulphur and hydrogen sulpide gets oxidized to sulphur. 

(vii) As the oxidation number of oxygen in H,O, is higher (О, =—1) as compared to that 


in water (О = —2), H,O; is a better oxidizi 
Bern s 0 oxidizing agent. 


(b) HI, L, ICI, HIO, 
(ix) (a) FeCl, Br; (Б) Na,SO,, HCI: 
(с) 45 + 60H-—28?- + S,01- + 31,0 
(x) In the case of sulphur, empty d orbitals are avilable which can be used for bondings. 
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(xi) 210, + SHSO;— 2SO7+ 3HSO, + Ļ + H,O 
(xii) Heavy water helps in slowing down the speed of neutrons, to be used for fission of 
uranium. Then it is used as a moderator. 
13.6 (a), (1) Reducing agent (2) dehydrating agent (3) oxidizing agent (4) catalyst > `œ 
(5) oxidizing agent. 
ъ @ O, Gi) Н, Gi) H, Gv) ES, (0) SO, (vi) N, (vii) NH, (viii) HCI, 
(ix) CL, (x) NO, 
(c) Molten sodium burns in chlorine with a yellow flame 
(i) 2Na + CL, 2NaCI 
(ii) 50, + Н,0- H,SO, 
HSO, + Cl, + H,O— Н,50, + 2НС1 
Gii)” White phosphorus bums spontaneously in the atmosphere of Cl, producing white 
fumes of chlorides. 


Р, + 6CL> 4PCl, 

Р, + 10CL АРС, 
(iv) 2NaOH + Cl, NaCl + NaOCl +H,O 

(cold, dilute) 

6NaOH + 3CL,NaCIO, + SNaCl + 3H,O 

(hot, conc.) 
(v) Ca(OH), + CL=»CaOCl, + Ho 
(d) Hydrogen chloride gas in water is called hydrochloric acid. Hydrochloric acid is 
present as Н" and CI- ions. Here H* exists as Н,О'. 
HO) + HCl(aq)3H,O* (ag) + CI- (aq) 
Due to the presence of H,O* ions, hy: ic acid exhibits acidic properties. 
Hydrogen chloride has a single polar covalent bond. There are no Н,О". 
H* or CI- ions. Thus, it does not exhibit acidic properties. 
(e) Chlorine on bubbling through water produces hypochlorous acid which, in turn 

,aecomposes to produce atomic oxygen, the active disinfectant, and hydrochloric acid. 
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UNIT 14 
Chemistry of Lighter Metals 


(Sodium, Potassium, Magnesium, Calcium and Aluminium) 


My advice to those who wish to leam the art of scientific prophecy is not to 
rely on abstract reason, but to decipher the secret language of Nature from 
Nature's documents, the facts of experience. 


MAX BORN 


UNIT PREVIEW 

14.1 Introduction 

142 Group 1 elements — general characteristics 

14.3 Sodium and potassium | 

14.4 Some important compounds of sodium and potassium — sodium chloride, sodium 
carbonate, sodium hydrogen carbonate, sodium hydroxide, potassium chloride and 
potassium hydroxide 

14.5 Group 2 elements — general characteristics 

14.6 Magnesium and calcium Е 

14.7 Some important compounds of magnesium and calcium — magnesium chloride, 
magnesium sulphate, calcium oxide, calcium hydroxide, calcium carbonate, calcium 
sulphate and plaster of paris. 

148 Hard and soft water — water softening. 

149 Group 13 elements — general characteristics 

14.10 Aluminium 


14.11 Some compounds of aluminium — aluminium chloride, aluminium sulphate. 
14.12 -Cement 
14.13 Biological role of sodium, potassium, magnesium and calcium 

Self assessment questions 

Terminal questions 

Answers to self assessment questions 


А 


LEARNING OBJECTIVES 
At the completion of this unit, you should be able to : 


1. Differentiate between metals and non-metals with reference 


to their physical and 
chemical characteristics. 


2. Characterize the metals on the basis of their chemical properties,e.g.,action of oxygen, 
water, dilute acids and salt solutions on metals with reference to their physical and 
d chemical properties. Understand the importance of metals in life processes. 


Describe the trends in relation to the periodic table of atomic and ionic size, density, 
melting and boiling points, ionization energy, eíc. exhibited by the metallic 
elements. 

4, Relate relative ability as reducing and oxidizing agents to position with periodic table 

and to oxidation state, 


5. Comment on the group similarities amon; 
to group similarities exhibited by 
other members of the group. 

Account for the source of metals in native and combined forms. 

Account the factors influencing the choice of methods used in reducing a metal ore. 

Describe the following processes: 


Calcination, roasting, aluminothermy, leaching, electrolytic reduction, smelting, 
electrolytic refining, tempering, bessemerization, etc. 

9. Learn the chemistry (occurrence, extraction, properties etc.) of the following metals: 
sodium, potassium, magnesium, calcium and aluminium, 

10. Comment on (ће stora 


T Я ge Of sodium and calcium. 
ll. Explain the working principle of the elect 


4 1 rolytic cells used in the extraction of sodium, 
magnesium, calcium and aluminium. 


g the members of each group and exceptions 
the first member of each group with regard to the 
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12. Give the composition and uses of the alloys spanning this unit. 

13. List some of the main uses of the metals included in this unit. 

14. Give the chemical formulae of the various minerals and ores covered in this unit. 

15. Describe the preparation and properties of the various compounds included in this unit. 


14.1 INTRODUCTION 

Elements, based upon their physical and chemical properties and 
nature of their compounds, have been classified into three groups : 
metals, non-metals and metalloids. Non-metals (Unit 12 and 13) have 
already been introduced to you. 
k Most of the elements are metals and are contained in all groups 
(except group 18) of the periodic table. Metallic elements are located 
below and to the left of the stepwise division in the p-block of the periodic 
table. Metals have a wide variety of characteristics, but all metals share 
certain general physical and chemical properties. The general properties 
that distinguish between metals and non-metals have already been 
discussed in Unit 12. The position of metals, non-metals and metalloids is 
shown in Fig. 14.1. 


METALS TRANSITION METALS BRIDGING NON- 
ELEMENTS ELEMENTS МАЕ 
BETWEEN 


ELECTROPOSITIVE 
AND ELECTRONEGATIVE 
ELEMENTS(METALLOIDS) 


Fig. 14.1 Metals, non-metals and metalloids in the periodic table. 

The apparent difference between the properties of metals and non- - 
metals is due to the arrangement of electrons in their atoms. Further the 
physical properties of metals can be explained on the basis of bonding, 
combining one metallic atom with another similar metallic atom (metallic 
bonding). 

Several of the metals are rare and have little practical value, but 
some metals are abundant, e.g. Cu, Al, Ca, Fe, Na, Zn, Mg and Ti, Our 
civilisation is based upon all such metals. Metals are useful in varied 
type of industries — automobiles, agricultural machinery and implements, 
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‘aeroplanes, buildings, warships, ships, defence equipments eic. Metals 
play a vital role as catalysts in certain chemical processes, egs 
hydrogenation of vegetable oils, manufacture of ammonia, sulphuric acid, 
nitric acid, hydrochloric acid, etc, and manufacture of synthetic dyes 
organic solvents, drugs, general medicines, explosives, plastics, etc. 

Metals and their compounds are useful to mankind. Iron was the 
first trace element shown to be essential in the human diet. It is a 
component of haemoglobin. Additional trace metals have been found to 
be essential to human nutrition: Cu, Mn, Zn, Co, Mo and Cr. Cobalt is a 

‘component of vitamin B12 ‚ Both manganese and molybdenum аге 
involved in formation of enzymes. Chromium is useful for glucose 
metabolism. Zinc is present in some of the enzymes and in the hormone 
insulin. Copper is involved in absorption and mobilisation of iron 
required for haemoglobin. Metals form an important component of the 
mineral wealth of a country. 

In this unit, we shall study about the chemistry of sodium and 
potassium (group 1 ); magnesium and calcium (group 2); and aluminium 
(group 13). They are called lighter metals because of their low density. 
Compounds of some of these elements, such as soda ash, common salt, 
baking soda and lime are useful in our daily life. Monovalent sodium and 
potassium ions and bivalent magnesium and calcium ions are found in 
large proportions in biological fluids. They maintain ion balance and 
nerve conduction. Aluminium is used extensively as a structural metal. 
Its strength can be improved by alloying with magnesium or copper. 


142 GROUP1 ELEMENTS ~ GENERAL CHARACTERISTICS 


The s-block elements consist of six alkali metals of group 1 and the 
six alkaline earth metals of group 2. The last member of each group, 
francium (Fr) and radium (Ra) are radioactive. 

The metals of group 1 are soft and have low d 
and boiling points. With their п 
most reactive of the metals. 
chemically very similar owing 
configuration. Differences that 
atomic radius. Their reactivity 
increasing atomic number as і 


group, lithium is much more 
the group. Further lithium di 
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All the metals in the group have body centred cubic structures at 
room temperature. The relatively low melting and boiling points, 
‘densities, etc. are consequences of the fairly weak bonding forces, since 
each atom can furnish only one electron for metallic bonding. Because 
their outer electrons are loosely held, the metals are good electrical and 
thermal conductors. Alkali metals, in their compounds, exhibit the +1 
oxidation state. Their compounds are generally ionic. It is easy to excite 
the valence electrons of these metals to higher energy states. When the 
excited electrons return to the ground state, there is emission of radiation 
in the visible region. Now when one of their salts is introduced in the 
bunsen burner flame, lithium salts impart a beautiful red colour to the 
flame, sodium salts give brilliant yellow colour, whereas potasium salts 
produce a violet coloured flame. These colours are intense enough to 
serve as useful qualitative tests called flame tests for the detection of 
these metals. On irradiation with light, the elements emit electrons, and 
thus, potassium and caesium find use in photoelectric cells. 

These elements, because of their reactive nature, are always found 
combined with other elements. Some of the important general properties 


of the group 1 elements are given in Table 14.1 
TABLE 14.1: Properties of group 1 elements 


Property o 5 ЛА И Магы СЬ Ба НА. (Ж. 
Atomic number 3 11 19 37 55 
Electron structure (Нев! (Ne)3s! (Ars! (Kase! (Xe)6s! 
Abundance in earth's crust 65 28300 25900 7 
(ppm) 
Atomic (metallic) radius (pm) 155 190 235 248 247 
Ionic radius, M * (pm) 60 95 133 148 169 
Melting point (K) 453 370.8 336.8 · 312 301.5 
Boiling point (К) "o 1590 1155.9 1039 961 963 
lonization energy (kJmol ^) 520 495 418 403 374 
Electronegativity К 115 10 0.9 0.9 0.85 
Electron affinity (kJmol ^) —57 —21 - = - 
Density (g/cm”) 0.53 0.97 0.86 1.53 1.87 
Reduction potential E? (V) — 3.04 212171 203 2202.99 — 3.02 


Mt +e — M) 
14.3 SODIUM AND POTASSIUM 

Both sodium and potassium were isolated in 1807 by Humphry 
Davy by the electrolytic dissociation of their respective hydroxides. The 
electrolytic reduction itself speaks of the difficulty with which their ions 
are reduced to the metallic state. They are good reducing agents. The 
power of these metals as reducing agent is shown by the vigour with which 
they reduce water to dihydrogen. The reduction potential (Table 14.1) 
measures their strong tendency as pence agents. 
14.3.1 Occurrence 

Alkali metals are widely distributed i in nature. They are too reactive 
' to occur uncombined. Both sodium and potassium are abundant in the 
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earth’s crust (Table 14.1). Sodium is the fifth most abundant or all the 
elements in the earth’s crust. Sodium chloride, the richest source of 
sodium is known to exist since ancient times. Sodium chloride and other 
compounds of sodium and other alkali metals are soluble in water. They 
are found in abundance in sea water. Some of the common naturally 
occurring salts of sodium found as deposits are rock salt (sodium 
chloride), Chile saltpetre or caliche (sodium nitrate), sodium carbonate 
and borax. 


Potassium chloride occurs in nature in small amounts as compared 
to sodium. Carnallite (KCI.Mg Cl.6H20), kainite (К2804. Мр504, 


MgCh. 6Н2О) and saltpetre (KNO3) are the well known natural rock 
deposits of potassium. 


Both sodium and potassium are found associated with a large 
number of complex silicate rocks such as felspars, of which’ the very 
abundant albite Na[. AlO2 SiO2)3] and orthoclase, K[AlO2(SiO2)3] are 
typical. Weathering reactions convert all the deposits of sodium and 
potassium into soluble salts which are carried to the sea. Because most of 
the compounds of the alkali metals are soluble in water, their rich 
deposits are found in evaporated inland seas. Their selective 
crystallization has produced relatively pure deposits of sodium and : 
potassium chlorides, alongwith smaller amounts of other halides, 
sulphates, nitrates and carbonates. Both the Dead Sea and Great Salt 


Lake are highly rich in alkali salts from which K5SO4 and Na?SO, and 
other compounds are obtained. 


14.3.2 Isolation of Sodium and Potassium 


Alkali metals are strong reducing agents, and hence, cannot be 
isolated by reduction of their oxides or other salts. Sodium and 
potassium are, therefore, obtained by electrolytic reduction of their 
molten chlorides, A concentrated solution of sodium chloride called 
brine (or KCl) can also be used for electrolysis. 


Electrolysis of Molten Sodium Chloride 


Sodium is obtained on commercial scale by electrolytic dissociation 


of molten sodium chloride in a cell. The electrolytic cells layout (Down's | 


cell) is shown in Fig. 142. Molten sodium chloride, 6026 mixed with 
calcium chloride, 40% | 


т (acts as Пих and lowers the melting point, i.e. the 
‘operating temperature could, thus, be reduced from 1075K to 778K) is 
placed into the cell and electrolysis is carried out. Sodium is deposited at 
the circular cathode and chlorine gas is discharged at the anode 
(graphite). Molten sodium is siphoned from the cathode compartment 
and led into vessels. Electrolytic products (Na and Cl2) react readily so 
the cell is provided with a protective diaphragm as to keep them apart. 
The hood over it channels the escaping chlorine gas, é в 
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1 PREVENT DIFFUSION 
NOs OPCI,GAS TOCATHODE 
2Cl- — Cifze~ (+) 
Al- Cathode Naci(s) At anode 
Na * is discharged on heating it is dischargesd 
Мас! 
Ма 4——— e` + №? emat СО ———> acl —э> Clo + 20 
Reduction (Fused) (Oxidation) 


Fig. 14.2 The Down’s cell for electrolyzing molten sodium chloride to 
produce molten sodium and chlorine gas. 

Potassium is produced on a relatively small scale, since this element 
offers few technical advantages over the less costly sodium. It is- 
produced by the electrolytic reduction of either molten potassium 
chloride or potassium hydroxide. In USA, it is now being produced by 
the reaction of sodium with fused potassium chloride. This reaction looks 
somewhat difficult. For the fused salts, the regular electromotive series 
does not hold good. 


1433 Properties of Sodium and Potassium 

Both sodium and potassium are light and soft metals. They can be 
‘cut with a knife. They are silvery white and tarnish rapidly in air and 
become covered with a film of oxide. Because of their highly reactive 
nature, they are usually stored under kerosene oil to prevent the metals 
from exposure and moisture. Potassium is more reactive than sodium 
(reactivity increases down the group). Potassium react so vigorously with 
water that dihydrogen formed catches fire. , 


(i) Reaction with oxygen 

Sodium and potassium react with dioxygen. They tarnish in air and 
soon become coated with a film of oxide. They burn readily in air to 
form oxides and peroxides. 
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2Na(1) + Оз (в) —H&at_, мао (5) 


(Sodium peroxide formed with excess of air ) 


y Heat 
4Na(4) + O2 (g) ————> 2Na20(s) 
(Sodium monoxide formed with excess of metal) 
K(1) + O2(g) — — — — KO; 


Potassium superoxide 
(ii Reaction with water 


Sodium and potassium react with cold water to give dihydrogen and 
the metal hydroxide. They react vigorously, fizzing and skating about on 
the water surface. They reduce water to dihydrogen. 


2Na(s) + 2H20€1) ——— — »2NaOH (aq) + Ha(g) 

2K(s) + 2H20(I) ——— —— »2KOH (aq) + Ha(g) 
(iii) Reaction with acids 

Sodium displaces dihydrogen on reacting with dilute acids. 

2Na(s) + 2НС1 (aq) ——— 2Na Cl(aq) + Hag) 

2Na(s) + H2SO4(aq) — Na2SO4(aq) + H2(g) 

Potassium also reacts with dilute acids producing dihydrogen. 
(iv) Reaction with solution of salts (displacement reaction) 


Sodium and potassium can displace ‘less active metals from their 
salt solutions. (Unit 10), 


(v) Reaction with dihydrogen 


Sodium and potassium on heating, react with dihydrogen forming 
hydrides. 


2Na(s) + Нә(р) > 2NaH(s) 
(vi) Reaction with non-metallic elements 


Sodium and potassium on heating react with halogens and sulphur 
to form halides and sulphides respectively, 


2NaS + Cb(g) — > 2NaCl(s) 
2Na(s) + S(g) —,. 2Na2S(s) 
14.3.4 Uses of Sodium and Potassium 
The various uses of sodium 


additive for petrol. 
+ 4C3HsCI > (CoH3)4Pb + 4NaCl (iv) Sodium, because of 


din the manufacture of drugs and dyes and in 
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the metallurgy of metals such as titanium and zirconium. It is also used as 
a reagent in organic analysis. (v) Sodium wire is used in electrical 
circuits for special applications. (vi) Amalgam of sodium and potassium 
(Metal + mercury) is used as reducing agent. (vii) Sodium and 
potassium are used in the preparation of the various compounds given 
below : 

1. Caustic Soda, NaOH: Used in the production of rayon, 
cleansers, textiles, soap, paper, etc., used to purify petroleum products 
from acids. It is an important material for chemical industry. 2. Soda 
ash, Na;CO;. 10H20: Used in the manufacture of glass, in house for 
laundry and other purposes. It is an important chemical for industry and 
is also a substitute for NaOH when a weaker base is required. 3. Baking 
soda, NaHCO;: Used for baking and other household purposes. 4. 
‘Sodium chloride, NaCl; Used as table salt and in canning of foods (to 
prevent putrefaction). Its solution is used in hospitals. It is a good source 
of all other compounds of sodium and chlorine. 5. Sodium nitrate, 
NaNO;;: Used as nitrogenous fertilizer. 6. Sodium cyanide, NaCN? Used 
in the extraction of gold and silver. 7. Potassium chloride is used as a 
fertilizer and Potassium nitrate is an essential constitutent of gun 
powder. 


144 SOME IMPORTANT COMPOUNDS OF SODIUM AND 

POTASSIUM 

Group 1 metals always form compounds in which the metals have 
the oxidation number +1. Thc compounds are all ionic and they are all 
soluble in water. Some industrially important compounds of sodium and 
potassium are : halides, carbonates, sulphates, and hydroxides. 
14.4.1 Sodium Chloride 

Sodium chloride is one of our most abundant minerals. Sea water 
contains about 3.596 of soluble salts, the most common of which is sodium 
chloride (2.7 to 2.9%). Most of the common salt, particularly in tropical 
countries, comes from sea water. Production methods of salt vary with 
the locality and with the use to bc made of the salt. India has a long 
coastal line. It produces about 50 lakh tons of salt annually by solar 
evaporation. Gujarat produces a major share of the salt produced in our 
country. The hot, dry and windy climate help in the fast evaporation of 
water from the salt fields containing sea water. Natural salt contains other 
soluble salts — sodium sulphate, calcium sulphate, calcium chloride, and 
magnesium chloride as impurities which make it unsuitable for many of its 
uses. Sodium chloride, mixed with chlorides of magnesium and calcium, 
absorbs atmospheric water causing the salt to cake. Salt is purificd by 
dissolving it in water and then by filtering to remove insoluble impurities. 
The solution is then saturated with hydrogen chloride gas. Crystals of 
pure salt scparate out leaving behind in the solution more soluble 
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chlorides of calcium and magnesium. Some of the impurities such as, 
calcium sulphate which are less soluble than the salt crystallize out with 
the salt and are later removed. Advantage can also be taken of the 
decreasing solubility of calcium sulphate in sodium chloride solution as 
the temperature is raised above 353K. Thus, if the solution or sodium 
chloride is filtered hot, the resulting solution will not contain much of 
calcium sulphate. 


In countries, with vast deposits of rock salts, the salt is removed by 
mining or by forcing water down into deposits to form saturated brines, 
which are then pumped to the surface. Brine, is thereafter, purified. 


Sodium chloride is the usual source of all other sodium and 
chlorine compounds. It is employed in the manufacture of chlorine, 
hydrochloric acid, sodium hydroxide and sodium carbonate (Fig 14.3). It 
is an essential component of food. It is present in the blood and hence is 
necessary for the life process of the human body. 


ACTION OF 
CONCENTRATED 
ata ACID 


SODIUM HYDROXIDE, 
CHLORINE, 
HYDROGEN 
SODIUM HYPO 
CHLORITE (1) 
SODIUM CHLORATE) 


SODIUM ELECTROLYSIS 
OF BRINE 


ELECTROLYSIS О! 
MOLTEN SALT PROCESS 


ODIUM AND 
CHLORINE 


Fig. 14.3 Uses of common salt 


Sodium chloride melts at 1081K. Its solubility at i in 

el : ty at 273K is 36g Ш 

100g of water. The solubility does not increase appreciably with rise in 
temperature. | 
14.42 Sodium Carbonate. Na; CO3.10H20 


Sodium carbonate is com 


^ c Ў mercially known as soua or washing soda 
It is available in three commerc : 


: ial forms : 
(i) Washing soda crystals, Ма›СОз. 10H20 
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| Gi) Crystals of: carbonate, Na2CO3.H20 
| (її) Soda ash, Na2COs. 
Preparation 
Sodium carbonate is manufactured by the ammonia-soda or Solvay 
process. This process is based upon the reaction of ammonium hydrogen 
carbonate with a saturated solution of sodium chloride. To get 
ammonium hydrogen carbonate carbon dioxide is passed through a 
concentrated solution of sodium chloride (brine) saturated with 
ammonia. The ammonium hydrogen carbonate solution and sodium ions 
from the solution interact forming sodium bicarbonate which precipitates 
being less soluble in cold water. The following reactions take place : 
(1) 2NH3(g) + 2H20(1) + 2CO2(g) + 2NH4HCOs (aq) 
Ammonium bicarbonate 
(2) МНАНСОз(ад) + NaCl(aq) > NHaCl(ag) + NaHCO3(s) 
Sodium bicarbonate. 
- Sodium bicarbonate, a crystalline solid is then heated to produce 
sodium carbonate. 


(3) 2NaHCO3(s) Ес NaxCOs(s) + H20 (1) + CO2(g) 

Carbon dioxide and ammonium chloride obtained in the process 
are reused. 

The Solvay process (Fig. 14.4) involves the following stages : 

1. The preparation of ammonical brine. A saturated solution of 
common salt (brine) is passed down a tower fitted with baffle plates. 


| АММОМ!А AMMONIATED p> SOLVAY 
ABSORPTION TOWER BRINE TOWER 


BRINE 


NH3 


FURNACE 


AMMONIA 
PLANT 


LIQUOR 


ROTARY М№а2СОз 
FILTER 


Fig. 14.4. The ammonia-soda (Solvay) process for the manufacture of 
sodium carbonate. 
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Ammonia is pumped up from the bottom of the tower. Ammonia mixes 
with brine and saturates it. : 

2. The preparation of sodium bicarbonate. Carbon dioxide 
obtained by heating limestone (СаСОз — CO2 + СаО) is blown through 
the ammoniated brine passing down the Solvay tower fitted also with 
baffle plates. These plates ensure the complete mixing of carbon dioxide 
and ammoniated brine. Here, the fundamental reactions (1) and (2) of 
the whole process take place to produce sodium bicarbonate. 

3. Formation of sodium carbonate. The sodium bicarbonate (less 
soluble in cold water), formed as a slurry is fed into the rotary vaccum 
filter, and the solid mass is then heated in furnaces to produce sodium 
carbonate (reaction 3). Carbon dioxide formed by the decomposition of 
sodium bicarbonate is sent back to the Solvay tower. 

Calcium oxide obtained on heating limestone (a source of carbon 
dioxide) is used in the ammonia plant to reproduce the ammonia from the 
ammonium chloride solution. : 


CaO(s) + 2NH4Cl(aq) = H20(1) + 2NH3 (р) + CaCb(s) 

Calcium chloride is the by-product of the process. А 

In laboratory, sodium carbonate can be prepared by passing carbon 
dioxide through hot concentrated solution of sodium hydroxide. Sodium 
hydroxide solution is saturated with carbon dioxide. 


NaOH(aq) + CO2(g) ^ Na2CO3(s) + H20(1) 

On cooling, crystals of sodium carbonate (Na2CO3.10H20) 
Separate out. 

Properties : Sodium carbonate is a white crystalline substance 
containing water of crystallization (10 water molecules). It is efflorescent, 
i.e., it gives up water of crystallization to the atmosphere on standing and 
crumbles to powder with the composition, NajCO3.H30. 

Na2CO3.10H20 — Na2CO3.H20 + 9H20 

Above 373 K the monohydrate becomes anhydrous powder. 

When heated strongly, it first loses all its w. 
and then melts at 1125K, but not decompose. 

Na3CO5.10H20 — Na2CO3 + 10H20 


| It is soluble in water with evolution of heat. The solution is alkaline 
in nature due to hydrolysis, 


Na2CO3 —o» 2Na* + co; T 

CO3" +Н20 = HCO5- +OH— 

НСОз +H20 — ЊСО; - OH ^ 
Н2СОз —> CO» + НО 

or Na1COs-- H20 —> 2NaQH + CO2 


It is decomposed by acids with effervescence giving carbon dioxide 
(CO2 turns lime water milky). 


Na2CO3(s) + 2HCl(aq) > 2NaCl(aq) + H20(1) + CO2(g) 
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ater of crystallization 


When carbon dioxide gas is passed through a moderately strong 
solution of sodium carbonate, a white precipitate of sodium bicarbonate 
forms. 

М№а,СОз(ад) + H20(l) + COz(g) —» 2NaHCOs(s) 

Uses. Sodium carbonate is used (1) in the soap, glass, textile, 
paper, ceramics and food industries, (2) for softening of water, hence the 
name washing soda, (3) in the manufacture of sodium hydroxide, borax, 
water-glass and other sodium compounds, and (4) in the laboratory as a 
reagent. 


14.4.3 Sodium Hydrogen Carbonate(Baking Soda), NaHCO; 

Sodium hydrogen carbonate is commonly known as bicarbonate of 
soda or baking soda. The salt is manufactured by the Solvay process. In 
the laboratory, it is prepared by passing carbon dioxide through a cold 
concentrated solution of either sodium hydroxide or sodium carbonate. 

NaOH(aq) + CO2(g) —» NaHCOs3(s) 

Na2CO3(aq) + CO2(g) + H20 —> 2NaHCO3(s) 

The hydrogen carbonate gets precipitated as white crystalline ppt. 
Salt, required for houschold purposes, can be prepared by this method. 


The salt reacts with acids giving CO2. 

NaHCO3 + HCl —» NaCl + H20 + CO2 

It decomposes on heating. 

2NaHCO3(s) —> Na»COs(s) + H20(g) + CO2(g) 

The use of the salt as ‘baking powder’ depends on this reaction. 
Mixed with dough (cake, pasteries etc.), the hydrogen carbonate 
decomposes on heating to give bubbles of CO2 which make the dough 
swell, and thus, making it light and fluffy. Commercial variety of the 
baking powders contain an acidic substance, such as potassium hydrogen 
tartrate, calcium dihydrogenphosphate. In the presence of moisture, 
these powders give off CO». 

Sodium hydrogen carbonate is a mild antiseptic for skin infections. 


14.4.4 Sodium Hydroxide (Caustic Soda), NaOH 

Sodium hydroxide is commercially called caustic soda and its 
solution is sometimes referred to as lye or soda lye. 

Sodium hydroxide is usually manufactured by the electrolysis of a 
concentrated solution of brine, obtained by extraction of underground 
deposits of sodium chloride by pumping hot water. Various cells are in 
use for the electrolysis, but all depend upon the following overall cathode 
reaction, 

H*(aq) *e- —> \2Ну(р) 

The result of discharging Н” (aq) ions is that Na* and ОНГ ions 
are left behind in the cathode region. 

(i) The Castner-Kellner cell (Fig. 14.5) is a popular cell employed 
for the manufacture of NaOH. It contains two parts — the mercury cell 
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GRAPHITE ANODES 


IRON GRIDS 


Fig. 14.5 The Castner-Kellner cell E 
and the soda cell. In the upper mercury cell, on electrolysis, chlorine is 
discharged at the graphite anodes and sodium at the flowing mercury 
cathode (liquid cathode) where it reacts with mercury and forms а 
sodium amalgam. ( 

In the lower soda cell,the amalgam is treated with water. Iron grids 
float on the surface of the amalgam and the amalgamated sodium reacts 
with water, liberating hydrogen at the surface of the iron grids giving à 
solution of sodium hydroxide which is concentrated by evaporation. The 


liberated mercury is recycled to the upper cell. The reactions taking 
place are : 


Cathode 


Anode 
Na* Na*CI- GI 
Na* + e- —5 Na Се — a 
Na+ Hg —^ Na/Hg (amalgam) Cl + CI Ch 


2Na/Hg +2H20 2NaOH + H2 + 2Hg 
In Gossages’ method, milk of lime Ca(OH)2 obtained from 
calcium carbonate is treated with a solution of sodium carbonate in large 
tanks provided with mechanical stirrers. The solution is steam heated. 


H20 

CaCO3::————> ‘CaO ——————s. Ca(OH)2 

Са(ОН): + Na2CO0; ———> СаСОз + 2NaOH 

Insoluble CaCO3 is filtered out and the NaOH solution i5 
concentrated by evaporation. 

Properties : Sodium hydroxide is a white translucent solid. It is 
very deliquescent, i.e., it absorbs moisture from the air to form a solution. 
The sodium hydroxide readily absorbs carbon dioxide from air and 
becomes coated with a white layer of Na2COs. It is an ionic compound 
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that melts and boils without decomposition. It melts at 591K. It readily 
dissolves in water with the evolution of a great deal of heat and yields 
strongly basic solution. Its solution also absorbs CO2 from air forming 
sodium carbonate and water. 

2NaOH(aq) + COxg) — Na? CO;(s) + H,0(1) 

In its chemical reactions sodium hydroxide behaves as a typical 
alkali. 

1. It neutralizes/reacts with (i) an acid forming a sali and water, (ii) 
acidic oxides forming salts, (iii) some salt solutions precipitating their 
hydroxides, and (iv) ammonium salts on heating and yields ammonia gas. 

2. When fused, sodium hydroxide attacks silicate minerals and 
glass. Some of the important reactions of sodium hydroxide are given 
below, 


CH3COOCHS, снзсоома + СНОН" 
(saponification of esters makes soaps from fats) 

Cb NaClO3 (if NaOH is hot) 
NaClO (if NaOH is cold) 

AP* (aq) 3 

LL s» AH (OH)s (s) + NaCl (aq) 

3 
Fe" (a), ^ Fe(OH)3(s) + NaCl (aq) 
NaOH(ag- |2 (аа), ^ Cu(OH)2 (8) 
H2SO4 , Naz 504 + ЊО 
So: (g) , Naz $Оз (aq) 


СО, industrial HCOO Na 


NaOH —— _|Porcelain, glass _2- 
(Melt) 9103 н 
Silicate mineral, SiO2 


Uses of Sodium Hydroxide : Sodium hydroxide is used extensively 
in the manufacture of chemicals, rayon, textiles, soap, dye, cleansers, 
paper and pulp. It is used in the purification of bauxite and in petroleum 
refining. The aqueous solution of sodium hydroxide is a valuable 
laboratory reagent and is used in titrimetric analysis. Chlorine, a 
by-product obtained in the manufacture of sodium hydroxide, is used in 
the production of PVC (polyvinyl chloride). 
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14.4.5 Potassium Chloride : 
Potassium chloride is an important source of potassium metal and 
all its compounds. The salt may be extracted from carnallite (KCl, 
` MgCb.6H20) by fractional crystallization as potassium chloride is less 
soluble at low temperature than magnesium chloride. The crude product 
is widely used in the manufacture of fertilizers. In fertilizer industry, 
potassium chloride and other salts KNO3 and K2SO4 which are used in 
the production of fertilizers are called ‘potash’. For this purpose, 
potassium salts are mainly obtained from sea water. A small plant has 
been set up in Kandala (Gujrat), where sea bitterns are used for tht 
production of potassium chloride. 

It is a colourless crystalline solid. It melts at 1063K and finally 
sublimes at 1773K. Large quantities of KCl are used in the manufacture 
of other potassium compounds such as hydroxide, nitrate, carbonate, elc. 
144.6 Potassium Hydroxide 

Potassium hydroxide or caustic potash, KOH is produced by tht 
electrolysis of potassium chloride solution. ^ Another method of 
preparing, KOH, which involves the treatment: of aqueous potassium 
carbonate with slaked lime, has largely given way to the electrolytic 
method. 

Potassium hydroxide is a white solid, which melts at 633K. It is 
highly deliquescent and absorbs CO» from the atmosphere forming 
carbonate. It is highly soluble in water and forms strongly alkaline 
solution(stronger than sodium hydroxide). It is highly corrosive in nature 
and destroys the organic tissues. It gives all such reactions which are 
possible with NaOH. Because of its deliquescent nature, it is used as å 
dehydrating agent. 

14.5 GROUP 2 ELEMENTS — GENERAL CHARACTERISTICS 

The metals beryllium, magnesium, calcium, strontium and barium 
belong to group 2 of the periodic table. They are close relatives of group! 
qune pa > harder with higher melting and boiling points and are 

55 reactive (sodium reacts with water violently, magnesium - 
reacts only with hot water). Their general pattern of reactivity is quite 
similar to that of group 1 elements. The general characteristics of the 
е ih eu in Table 14.2. The elements have two electrons 
elements iiu dE us us dg form M^* cations. Thes? 
resemble the iis Ko uere than alkali metals. As a group, they 

positive metals of group 1 and the metal most 


b sd. s RE DUC tO be magnesium-the diagonal relationship. 
€ behaviour of beryllium and its com is closet 1d 
that of aluminium than it is to that o puse 


ў f other alkaline earth metals, This is 
again because of the significant difference in their sizes and 


ali c values. Except barium, all the metals in the group have 
ose packed metallic structures at room temperature. Barium has body 


centred cubic structure. Since they each have two valence electrons, they 
have stronger bonding and show higher cohesive properties than their 
group 1 neighbours. Thus they are harder. They have high conductivity 
values, 

Trends in properties of the elements like atomic and ionic radii, 
density, electronegativity and ionization energy are as would be expected 
from their position in the periodic table (Table 14.2, Unit 5 ). 

TABLE 14.2 : Properties of group 2 elements 


Property Be Mg Ca Sr Ba 
Atomic number 4 12 20 38 56 
Electron structure [He]? — (Nejs? (Аг? (к^ — [Xe]ós? 
Abundance in earth's crust 6 20, 36300 150 430 
(ppm) 

Atomic (metallic) radius,(pm) 112 160 197 215 222 
Tonic radius,M^ " (pm) 41 86 114 132 149 
Melting point (К) 1560 922 1112 1041 1000 
Boiling point (KY = 3243 1378 1767 1654 1413 
Density (gcm— 3) at 293K 1-85 1.74 1:55 2.63 3:62 
Ionization [nergy Ist 8992 7375 589-6 5492 502-7 
(kJ mol ^) 2nd 1750 1450 1115 1060 960 
Electronegativity 1:5 1.3 11 10 0:95 
Electron affinity(kJ mol ^ 1) +100 +30 = — = 
Reduction potential. EXV) —1:85 12237 287 289 —291 


м2+ (aq) + 267 —M 


All except magnesium impart characteristic colours to the flame, 
Ca-brick red, Sr-crimson and Ba-apple green. Metals are reducing agents. 
Their strength as reducing agents (measured by redox potential) is shown 
by the vigour with which they reduce water and acids to hydrogen. These 
elments because of their reactive nature are found in combination as 
carbonates, sulphates and silicates. 

The individual metals are named after minerals known long before 
their isolation. They were isolated by Humphry Davy in 1800 using 
electrolysis. 


14.6 MAGNESIUM AND CALCIUM 

Both magnesium and calcium belong to s-block elements with 
electron structure of the valence shell ns?, ‘They are denser and harder 
than the corresponding alkali metals in group 1 and have higher melting 
points. This shows the presence of stronger metallic and more compact 
lattice than group 1 metals. This also results in higher values of ionization 
energies for group 2 metals than group 1. The metals being powerful 
reducing agents cannot be isolated by reducing their oxides. 


14.6.1 Occurrence 
Magnesium and calcium do not occur in the native state. They are 


the most abundantly found elements in the earth’s crust (magnesium and 
calcium occupy the sixth and third positions in the order of abundance). 
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| This is one of the reasons why the group 2 elements are called earth 
metals. Minerals of magnesium are as follows : 


Carbonates Magnesite, MgCO3 ;Dolomite СаСОз, MgCO3 


Sulphates Epsomite,MgSO4 7H20; Kiesiterite, MgSO4,H20 
Chloride Carnallite, KCl. MgCl? . 6H20 
Silicates Olivine, (MgFe)2 SiO4 ; Soapstone (talc), 


H2Mg(SiO3)2 or Mg, Si4010 (OH)? ;Asbestos 
CajMg; Sig O22(OH)2 or Мрз Si; О; (OH)4 


Sea water contains an appreciable amount of magnesium chloride 
(0.13% Mg; 0.38% MgCl ). 

In India, magnesium is mainly found as dolomite and magnesite in 
Salem (Tamil Nadu) and Mysore. 

Chlorophyll in green leaves of plants contain magnesium. Calcium 
is the most abundant s-block element. Vast quantities of calcium occur as 
the carbonates in chalk, linestone and marble, Other natural forms of 
calcium carbonate include, calcite, marine, shells, corals and pearls. 

Smaller quantities of calcium occur as carbonate in dolomite 
(СаСОз. MgCO3), as sulphate in anhydrite (CaSO4) and gypsum (CaSO4. 
2H20), as flouride in flourspar (CaF2) and flourapatite [ЗСаз(РО)2. 
CaF?] and as phospate in phosphorife [Ca3(PO4)2] and hydroxyapatite 
[Cas(PO4)3 (OH]). Sea water: also contains some calcium salts in 
dissolved state. Calcium is vital for the growth of the plants and animals. 
Calcium carbonate and calcium phosphate are the building materials. 


Bones, teeth and horns are made of calcium phosphate. Shell of an egg is 
made of calcium carbonate. Ў 


14.6.2 Isolation of Magnesium and Calcium 


Magnesium : There are two common processes by which 
magnesium is produced s (i) magnesium chloride is decomposed using 
electrolysis, and (ii) magnesium oxide is reduced to mgnesium by silicon 
at very high temperatures. 

(i) By electrolysis 


Much magnesium chloride for the 
from carnallite. It is now obtained from si 
important source of raw materials : 


1. To obtain the metal, magnesium hydroxide is precipitated from 
sea water in huge tanks by y the addition of slaked lime, Ca(OH). 

Mg” (aq) +20H~ (aq) — Mg(OH)x(s) 

2. The precipitated hydroxide is separated ith 
hydrochloric acid to convert acid to chloride, брен vi 

Mg(OH)2(s) + 2HCI (aq) — Mg 


(s) - Ch(aq) + 2H20 (1 
The chloride is crystallized as MgCh, a. En 
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electrolysis was earlier obtained 
€a water which is an increasingly 


3. Now to obtain the fused magnesium chloride, the Crystals of 
chloride are dehydrated by passing a current of dry hydrogen chloride 
gas. Mg(OH)» can also be treated directly with dry hydrogen chloride gas. 

Heat 

Mg(OH)2(s) + 2HCl(g) ——— , MgCh(s) + 2H20 (g) 

The chloride, thus, obtained is mixed with a molten mixture of 
Sodium chloride and calcium chloride (temp. range 973-1023K).The 
molten mixture of MgCl, NaCl and CaCl is electrolysed in the Down’s 
cell. Sodium chloride prevents the hydrolysis of MgCb, lowers the 
melting point and increases the conductivity of the molten mass. 

Electrolytic extraction is carried out in an atmosphere of coal gas to 
prevent the oxidation of molten magnesium. 4 

The apparatus used is shown in Fig. 14.6. The following reactions 
take place within the cell : 


Magnesium ions are Chloride ions are 
discharged at cathode discharged at anode 

Mg 26 + Mg'* —Mg?* +2017 saci s СЬ + 2€ 
(Reduction) (Fused) (Oxidation) 


Molten magnesium rises to the surface (less dense than the fused 
mass) and is removed from the cathode compartment with perforated 
ladles. 


PORCELAIN (+) 
HOOD 


INERT GAS 
(COAL GAS) 


ELECTROLYTE 
(CARNALLITE 


+ 
NaCl) 
Fig. 14.6: Electrolytic extraction of magnesium 
(ii) By reduction with silicon 
Magnesium ore is purified and is roasted in a furnace to make 
Magnesium oxide which, in turn, is heated with silicon to high 
temperature. Magnesium and silica are produced. 


MgCO; (s) 2 Boasting e MgO(s) + CO2 (g) 
2MgO(s) + Si (5) ———>  2Mg(1) + SiO2(s) 
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Calcium : Calcium is commercially obtained by electrolytic 
dissociation of a fused mass of calcium chloride and calcium flouride 
(flux). The cell is illustrated in Fig. 14.7. The graphite body of the cell 


serves as the 

= АЕ" OUTLET anode. Calcium gets 

WATER INLET CALCIUM deposited around 
Taher DEPOSITS the tip of the steel 

{WATER COOLED cathode as it does 
(+) not rise to the 


surface (calcium is 
dint not very light). As the 
LININGS time passes a thick 
(ANODE) continuous rod of 
calcium builds up 
around the cathode. 
The cathode used 
is movable. The 
movement of the 
Fig. 14.7 Electrolytic extraction of calcium cathode helps in the 
deposition of calcium, forming long rods. With growth, the cathode is 
pulled up keeping up the cathode tip always under fused mass. This 
prevents melting of the metal and allows isolation in the solid form. 


14.63 Properties of Magnesium and Calcium 

Both magnesium and calcium are silvery white metals which are 
malleable and ductile at higher temperatures. Magnesium is the lightest 
of the widely used structural metals. The main reactions of magnesium 
and calcium (or alkaline earth metals) closely follow those of the alkali 
metals. Some of their typical reactions are included in Table 14.3. 

Magnesium has such a strong affinity for oxygen that it burns in an 
atomosphere of CO» reducing it to elementary carbon. 

2Mg + CO2— 2MgO + C 


14.6.4: Uses of Magnesium and Calcium and their Compounds 
Magnesium : 


MAMAS 


=FUSED Сабр 
-AND Сағ, 


WRAY ълът 


<А a t Fa aa, G 
IRON CASE 
HEATING CHAMBER 


.. (i) Itis a useful metal because of its lightness. It i lloyed 
with aluminium to make aircraft bodies, Its m with = nl 
and tin are also known, Some commonly used alloys and their uses are 
given in Table 145. (ii) Magnesium is used as a sacrificial anode to 
prevent iron from rusting Gii) The intense white light of burning 
pecans is used in military flares, flash light powders, distress signals 
and incendiary bombs. (iv) Its strong reducing nature is used in 


separating many metals and non- ili 
heit deities) A box P DN metals such as silicon and boron from 


of magnesium hydroxide in water (called 
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milk of magnesia) is used as an antacid when a person suffers from acute 
acidity. (V) Magnesium carbonate forms a part of tooth-pastes. 
TABLE 143: Reactions of magnesium and calcium 


Reaction Comments 
Heat - - 
LM + Н ——9 М" + 2H Magnesium reacts under pressure of Ну 
(М = Mg.Ca) 
2м + Xi——9 M" + 2x7 Proceed readily with all the halogens 
(X = Halogens) 
Heat 
3.2M +0: ——*2MO MaG do digesti irci 
( oxide) formation of a protective basic carbonate 
film on its surface. Peroxides and 
es Superoxides are obtained by other metals. 
«мз Mg reacts vigorously 
t 
5.3M + N3——* M3 № Reactions are carried out at red heat 
Nitride 
Heat 
6. M + 2C——* MC DIU eens itti 
(Carbide) in 
7. M + 2H20 ——* MC: Sek oni inii dli) eid veis, bee 
(Cold) ill react in steam. 
&£ M + 2H*——>M** + Ha Both the metals react readily displacing 
9.M + NH¥1)——* M?*(NH3) +27 (NH3) In ammonia, nitrite is formed. 
Only Ca shows this reaction. 


Calcium : (i) Calcium is used as a dehydrating agent for certain 
organic solvents ; as a reducing agent in the production of certain metals 
(thorium, uranium, etc.) ; as hardening agent for lead alloys used for 


vacuum tubes and radio-valves. (iii) It is used as a deoxidizer in steel 
production. Its reducing nature also helps in removing sulphur from 
crude oil. (iv) Calcium compounds also have important uses. The uses 


of CaO, CaSO4, СаСОз and Са(ОН) will be given under individual ` 


compounds. Calcium phosphate on reacting with sulphuric acid forms an 
important fertilizer, calcium superphosphate, Ca(H2POs)2. 
14.6.5 Detection Of Magnesium And Calcium. 

Magnesium ions can be detected in its salts solution by adding 
disodium hydrogenphosphate, Na2HPO4 and ammonia solution. A white 
crystalline ppt. is obtained. í 
Mg’* + HPO4 ? + NH4OH + 5H20 — Mg(NH4) РО: .6H20 И 

. Caicigna a cs ee deed Ue Rein ER э iad Hine) 
Ammonium oxalate reacts with its salt solution giving an rn 
CaC204, which can dissolve in dilute H2SO4, This solution can 
decolourize a diluted solution of pae permanganate. 


Са?* + (NH4)? C204 — CaC 20, + 2NH7 
5C204 + 2MnO, + 16H* — 2Mn^* + 8H3O + 10CO, 


14.7 SOME IMPORTANT COMPOUNDS OF MAGNESIUM AND 
CALCIUM 


Both magnesium and calcium form a large number of compounds. 
The compounds are generally ionic in nature. Compared to alkali metal 
compounds those of magnesium and calcium are not always readily 
soluble in water. Chloride and sulphate of magnesium; oxide, hydroxide, 
carbonate and sulphate of calcium will be discussed here. 

14.7.1 Magnesium Chloride (MgClo.6H20) 

Magnesium chloride is mainly obtained from carnallite. Sea water 
is a good source of magnesium chloride. It crystallizes out from the 
aqueous solution оп evaporation as MgCl2.6H20. Anhydrous 
magnesium chloride cannot be prepared by direct evaporation of the 
aqueous solution because of hydrolysis. 

MgCl .6H2O0(aq) ^ MgO(s) +2HCl(g) + 5H20(1) 

It is obtained (i) by heating the hexahydrate in a current of 
hydrogen chloride (ii) by burning magnesium in chlorine or (ii) by 
carefully heating the double salt, NH4Cl.MgCh.6H20). 

(Water and NHA4CI are driven off). Generally it is formed by 
heating magnesium oxide mixed with carbon in the current of dry chlorine 
gas. 

MgO(s) + C(s) + Ch(g) — MgCh(s) + CO(g) 

In the laboratory, it can be prepared by the reaction of hydrochloric 
acid on magnesium oxide or carbonate. It is a white crystalline 


deliquescent solid. It melts at 981K. Its solubility in water is 54.1 g/100 g 
at 293K. 


Uses: Magnesium chloride finds use in the production of elemental. 
magnesium and sorels cement (MgCl + MgO). It is used for 
lubricating threads in spinning, for preparing artificial stones. It helps in 
slating down the dust particles, and hence, sprinkled on the roads. 

14.7.2 Magnesium Sulphate (MgSO4 .7H20) 

Magnesium sulphate was first found 
Epsom, Surrey (U.K.) in 1695. The colo 
:MgSO4.7H20 is known as Epsom salt. 


deposits ; kiesiterite (MgSO4H350), and kainite (К 
3 4. 2804.MgSO4 
MgCl.6H20). In the laboratory, it is prepared by the action of H2SO4 on 


magnesium metal, magnesium oxide (magnesia) or magnesium carbonate. 
On a commercial scale, it is prepared by the reaction of boiling sulphuric 
acid on dolomite (CaSO4, a sp 


dolo aringly soluble salt separates out) or b 
recrystallization of the naturally occurring salt. 3 : 
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to be present in spring water at 
urless crystalline heptahydrate, 
It also occurs as natural salt 


Magnesium sulphate is a colourless, crystalline solid with a bitter 
taste. It loses six molecules of water at 423K. On further heating, it loses 
the last molecule of water and also decomposes partially evolving $Оз. It 
decomposes forming oxide on strong heating. 

Uses: Magnesium sulphate is used (i) in medicine as a purgative 
(mostly for veterinary purposes), (ii) as a mordant for cotton goods in the 
dyeing industry, and tanning industry (iii) for producing fire proof fabrics, 
(iv) as a laboratory reagent, and (vi) as platinized magnesium sulphate in 
the manufacture of H2504. It has found its use in polishing powders and 

‘in heat insulation. 


14.73 Calcium Oxide, CaO 
Calcium oxide is the most common and important of all the calcium 
compounds. Its commercial name is quicklime or caustic Мае. 
Industrially calcium oxide is obtained by heating one of the forms 
of calcium carbonate, e.g. limestone to 1173-1473K in a lime kiln (Fig. 
14.8), 


CaCO3(s) CaO(s) + COx(g) 
The thermal decomposition is reversible and thus removal of 
carbon dioxide prevents its recombination with calcium oxide. 


1173-1473K 


Fig. 14.8: A view of the kiln for the manufacture of calcium oxide. 
Limestone is added to the lime kiln through the hopper. Heat is 
Provided by burning coal in fire boxes present on the sides of the kiln. 
Carbon dioxide and other waste gases escape through the openings near · 
the top. Quicklime is collected from the bottom of kiln. This is a. 
continuous process. Quicklime is usually obtained as white lumps. 
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In the laboratory, calcium oxide is best prepared by heating the 
nitrate or hydroxide. 

Properties : Pure quicklime is a white porous solid. It melts at 
2850К. It is extremely stable and does not decompose even on fusion. It 
gives brilliant white limelight, when heated to a high temperature. 

Quicklime reacts readily and violently with water at ordinary 
temperature (strong affinity for water). When quicklime is moistened 
with water, it combines with water producing a hissing sound and lot of 
heat. As the reaction proceeds, the mass swells and cracks, becoming 
very hot and steaming, finally crumbling to a fine white bulky powder. 
The fine powder obtained is called slaked lime and consists of calcium 
hydroxide, Ca(OH)2. 

CaO(s) + H20(1) —+ Са(ОН) 2(s) + Heat 

This process is called the slaking of lime. 

In dry air, quicklime keeps indefinitely. On exposing to atmosphere 
for long, it absorbs moisture and carbon dioxide forming a mixture of 
calcium hydroxide and calcium carbonate. 

Calcium oxide is a basic oxide and dissolves in acids producing 
calcium salts of the acid and water. 

Ca0(s) + 2HCI (ag) — CaCh(s) + H20(1) 

It liberates ammonia from ammonium salts, 

2NH4Cl(s) + CaO(s) —^ NH3(g) + H20(g) + CaCh(s) 

It reacts with chlorine above 573K. 

2CaO(s) + 2Cb(g) —» 2CaCh(s) + Ox(g) 

Uses : Quicklime has been put to various uses : (i) In the 
manufacture of slaked lime, cement, glass, bleaching powder, calcium 
carbide, basic calcium nitrate, calcium bisulphate, eic. (ii) Used in the 
paper making, tanning, as a fertilizer and in calcium-sand mortar, (iii) 
Used in the manufacture of sodalime by slaking quicklime with 
concentrated aqueous caustic soda. (iv) Used in laboratory as an 
absorbent for carbon dioxide and waste acidic gases and for 
decarboxylation of salts of carboxylic acids. (v) Used to dry ammonia and 


i i 
some of the water is converted to eae break up. It gets very hot and 


CaO(s) + H20( 1)—› Ca(OH)2(s) + Heat 


It can also be prepared by the action of water on calcium metal. 

A suspension of slaked lime in water is called milk of lime and is 
used as a cheap industrial alkali. The filtered saturated solution is called 
lime water which is used for testing carbon dioxide. 

Properties : Calcium hydroxide is a white amorphous powder. It is 
slightly soluble in water and its solubility falls with increase in 
temperature. On heating to red heat, it rapidly evolves stcam, leaving 
quicklime. When carbon dioxide is passed through the saturated solution 
of calcium hydroxide (lime water), it first turns milky duc to the formation 
of calcium carbonate, 

Са(ОН) ад) *COx(g) —— СаСОз)  H20(1) 

On passing CO; for long, the solution again becomes clear. Here 
excess of carbon dioxide redissolves calcium carbonate forming calcium 
bicarbonate, СаА(НСОз)2. 

CaCOx(s) + H20(s) *CO»(g) —+ Ca(HCO3)x aq) 

This reaction also accounts for the presence of temporary hardness 
in water. When the solution of bicarbonate is heated, it acquires milkincss 
again duc to the formation of calcium carbonate. 


Ca(HCOs)2 (aq) — CaCO»(s) + COz(g) + H20(1) 

On passing chlorine through a cold suspension of calcium 
hydroxide (milk of lime), calcium oxychloride CaOCl; (bleaching 
powder) is formed. 

Ca(OH)x(aq) + Ch (g) —+ CaOCh(s) + H20(1) 

Uses : Calcium hydroxide is used ; (i) In the chemical industry, in 
paper making, in tanning, as a fertilizer and in lime-sand mortar. (ii) In the 
manufacture of glass, bleaching powder, caustic soda, etc. (iii) For the 
absorption of acidic gases, in the purification of coal-gas, in the recovery 
of ammonia from waste liquors (ammonium chloride) in the 
ammonia-soda process (Solvay process) and the softening of water. (iv) 
In white-washing. After applying, slow absorption of carbon dioxide 
occurs with the formation of calcium carbonate which on drying gives a 
bright appearance to the surface. (v) In the form of lime water in medicine 
as a dressing of burns and as an antidote for poisoning by sulphuric or 
oxalic acid, to correct the acidity of soil and to make heavy soils lighter. 


14.7.5 Calcium Carbonate, CaCOs 

Both magnesium and calcium ¢arbonates occur naturally. 
Limestone occurs in our country at a number of places : Birmitrapur 
(Orissa), Jabalpur (Madhya Pradesh), Rajasthan, Dehradoon (UP) 
Because of their insolubility in water, they may be prepared by 
precipitation and are the most important minerals of these elements. 
Limestone and marble are two well known forms, Calcium carbonate 
crystallizes in two forms ; the stable calcite (hexagonal system) and the 
metastable aragonite (rhombic nk Calcite is the usual form and is 
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found under various names : iceland spar is composed of colourless 
crystals ; marble and limestone are aggregates of interlocking crystals ; 
chalk, microcrystalline in nature, is a product from the shells of dead 
marine creatures. Aragonite occurs in coral and the shells of molluscs. 

Commercially, calcium carbonate is prepared by passing carbon 
dioxide through slaked lime or by the addition of sodium carbonate to 
calcium chloride. 

Ca(OH)2(aq) + CO2(g) —> CaCO3(s) + H20(1) 

СаС1›(ад) + NazCO3(aq) —> СаСОз(ѕ) + 2NaCl(aq) 

In the first reaction, if CO2 is passed for long, СаСОз dissolves 
forming calcium bicarbonate. This is because, CO2 on dissolving in water 
gives carbonic acid. 

2H20 + CO2-+ H30* (aq) + HCOs(aq) 

This acidity is sufficient to convert СаСОз to soluble CaHCO3, 

CaCOs(s) -COx(aq) + H20(1) + Са? (aq) + 2HCOs(aq) 

i Calcium carbonate is a white powder. It decomposes when heated, 
giving the oxide and CO2. 


Heat, 1173K 
CaCO3(s) CaO(s) + CO2(g) 


Uses : Calcium carbonate is used widely as the source of quicklime 
and in the manufacture of cement. Pearls (built up of concentric layers of 
calcium carbonate) are used in jewellery. It finds its use as flux in 
metallurgical extraction of metals e.g. iron, etc. In building constructions, 
it is used in the form of marble, mortar and cement. It is used as an 
important laboratory reagent (e.g. in the preparation of CO» gas). It is 
also used in the ammonia soda process (Solvay process) and in the glass 
industry. 

14.7.6 Calcium Sulphate, CaSO4 

Anhydrous calcium sulphate occurs in nature as the mineral 
anhydrite, CaSO4 and as the dihydrate gypsum, CaSO4.2H20. Enormous 
deposits of gypsum are available. Punjab and Rajasthan are rich in these 
deposits. Gypsum exists in various forms : selenite (transparent) satin 
spar (fibrous) and alabaster(opaque). It is sparingly soluble in water, and 
hence, may be prepared in the laboratory by Precipitation,e.g., by mixing 
solutions of sulphuric acid and calcium chloride. ; 
CaCb(aq) + H2SO4(aq) > CaSOA4(s) + 2HCl(aq) 


Dihydrate of calcium sulphate on heati 
1 ing at 385K loses three 
quarters of its water of crystallization. givi i l 
H20, which is called ‘plaster of we Оо. 


Heat 385K $ 
CaSO42H)0 EEE CaSO4.4420 + 


Further heating to 473K yields anh i 
‹ $ ydrous CaSO4 which can absorb 
Res but stronger heating above 673K gives a ‘dead burnt plaster’ which 
oes not set when mixed with water. Above 1233K, it dissociates. 
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2Са$Ол6) =“ 2СаО(ѕ) + 2S03(g) 

250300)? <= 28059) + Ox(g) 

When heated below 1173K with silica, it forms silicate. 

CaSOA4(s) + SiOx(s) ^ CaSiOs(s) + SOx(g) 

Uses : Gypsum has been put to various uses, eg, in the 
manufacture of plaster of paris, ammonium sulphate (a fertilizer; at 
Sindri, gypsum is used for manufacturing fertilizer, Unit 12), Portland 
cement, blackboard crayon (chalk), plate glass, terracota, pottery, glazed 
paper and sulphuric acid. : 


1477 Plaster of Paris, CaSO4.4-H20 

The hemi-hydrate of calcium sulphate is known as ‘plaster of paris’. 
It is prepared by heating gypsum (natural source of calcium : 
CaSO4.2H20) at 385K. At this temperature, gypsum loses За of its 
water. 

CaSO4. 2920 — CaSO«, +H20 + 3 H20 

At higher temperature, the anhydrous salt is formed. This is known 
as dead burnt plaster. | 

Plaster of paris is a white powder. It absorbs water at ordinary 
temperature with evolution of heat. It has a distinct property of setting up 
on wetting with water. On mixing wih water it sets to hard solid, which 
consists of a mass of interlocking crystals of thedihydrate. The formation of 
dihydrate coupled with expansion is an important property for making 
plaster casts. Ы 

Uses : Plaster of paris finds uses as follows : (i) In making casts and 
patterns for moulds and statues. (ii) Used in surgery for immobilising 
fractured parts of the body, e.g., orthopedic and dental plasters. (ш) Used 
for preparing blackboard chalks. (iv) Used as fire proofing material. (у) 
Used in the manufacture of wall boards, made by the hydration of mixture 
of lime and plaster of paris often with fibre base. (vi) Used for making 
decorative materials. Its major amount is used in the building industry 
and as a component of the plaster used for the surface of interior walls 
and ceilings. 


148 HARD AND SOFT WATER — WATER SOFTENING 

Hard water does not give lather with soap. Dissolved salts of 
Са?", Мр2+ and Fe?* contribute to hardness in ground water. These 
are found to be associated with bicarbonate, chloride and sulphate ions. 
A soap such as sodium octadecanoate, Cr7H3s COONa (sodium salt of 
fatty acid) reacts with calcium and magnesium ions to form an insoluble 
‘scum’ of calcium and magnesium octadecanoate. 
СаО, (ад) + 2C7Has COONa — (Cr;HasCOO)aCa + Naz SO4(aq) 


(Insoluble sal) с. 
Only when sufficient soap has been added to precipitate calcium 


and magnesium ions, the soap will lather. Detergents do not form sucm in 
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hard water. They are the sodium salts of sulphonic acids and their calcium _ 


and magnesium salts are soluble in water, 


СН — C6H4 — SO3Na 
Sodium dodecylbenzene sulphonate (a detergent) 
Deposits of scale and fur are seen in pipes, boilers, kettles as-a 
result of heating hard water. It is healtheir to drink hard water. There is 
more heart diseases in soft water areas. Better bear is brewed in hard 
water areas. There are two types of hardness in water; temporary and 
permanent. . 


Temporary hardness 


Cause : The soluble hydrogencarbonate salts, produced by the 
action of dilute carbonic acid on rock,make water hard. Limestone (rock) 
reacts with rain water that contain dissolved carbon dioxide. 

СаСОз + H20(1) + CO»(aq) == Ca(HCO3) (aq) 

Cure : Boil the water. Boiling decomposes the hydrogencarbonates 
to carbon dioxide and insoluble carbonates. Carbon dioxide is driven off. 
Insoluble carbonates can be removed by filtration or decantation. 


M (HCO3) (ag) —9!l МСОз() + CO2(g) + H20(1) 
(M = Ca, Mg) 

Temporary hardness can also be removed by the addition of a 
calculated amount of lime when magnesium and/or calcium carbonate is 
Precipitated - "Add lime to remove lime”. 

M(HCO»3)(aq) + Ca(OH) — MCO3(s) + СаСОз(ѕ) + 2H20(1) 
(M = Ca, Mg) 


Permanent hardness 


| Cause : The soluble sulphates or chlorides of Magnesium, calcium 
and iron (II) make water hard, Rocks containing these salts are soluble in 
rain water. 

Cure ; Permanent hardness cannot be removed by boiling the 
water. (1) Washing soda, Ма:СОз.10Н20 is added to precipitate calcium 
and magnesium ions as insoluble carbonates, 

MSO,(aq) + Ма? CO3(aq) ——> МСОз($ Na» SO, 

PUn (s) + Na? SO4(aq) 

(2) Hardness can also be removed by adding calgon, a sodium salt 
of hexametaphosphate, i.e.,(NaPO3)5 

CaCb + (NaPO3), moie NA Ca(PO3), + 2NaCI 

or CaCb + (Мароз) ы; Na n2 Ca(PO3), + 2NaCI 


fait The calcium or magnesium polymetaphosphates formed remains in 
Solution, but does not react with Soap readily as the ions are complexed. 
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The softening of hard water is often accomplished by a process 
called ‘ion exchange’. Both naturally occurring sodium aluminosilicates 
known as ‘Zeolites’ and ‘synthetic resins’ are used as exchangers. 


(3) Ion exchangers 

When hard water is passed slowly through a column containing 
sodium aluminium silicate (Zeolite; trade name ‘PERMUTIT’) an 
exchange of ions takes place and the water is softened. 


? „ е ч 
Ca^* (aq) +2NaAl silicate(s) ————» 2Na* (aq) + Са(А1 silicate)2 (s) 
Regenerati 
spent permutit 


or М2 (ад) +2NaZ(s) z———À» — 2Na* (aq) +M(Z)2 (s) 


(M = Ca, Mg; Z = anion of zeolite) 

Constant use of Permutit makes it ineffective because all the 
sodiums ions are replaced by calcium and magnesium ions. At this stage 
it requires regeneration. This is done by passing through it concentrated 
solution of sodium chloride. 

Another class of materials which are employed for water softening 
are called organic exchange resins. 

Synthetic Resin Ion-Exchangers have been developed which . 
remove both cations (positive ions) and anions (negative ions) from hard 
water, ie, they demineralize the water completely. Amberlite and 
zeocarb belong to this class of resins. \ 

These resins are mainly made of hydrocarbon chain of high 
molecular mass and are covalently bonded to negatively charged groups 
such as 5027 or positively charged groups of the type NR3 -Thus the 
former type of resin is capable of exchanging cations and the latter can 
exchange its anions. 

When water passes through a resin-bed, the Cat, Mg* OF Fe? * 
become attached to and displace hydrogen ions in the resin (cation 
exchanger, contains Ht positive ions). ү: 2- 

2R COOH + Са?* So? —> (RCOO)2 Са + 2H” + SO; 

The latter type of the resin (anion exchanger, contains OH 
negative ions) then removes the ions of the acid from the water. 

2R NH? + 2H* + 5027 ———> (RNH3)2S04 

In this, all the ions from the water can be removed, and thus, a 
deionized water can be obtained. The used cation and anion exchange 
resins are regenerated by reversing the process and washing them with a 
concentrated solution of an acid or a base. 3 

In recent years, the use of ion exchangers in the treatment of water 
for industrial and domestic purposes has grown tremendously. 
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149 GROUP 13 ELEMENTS — GENERAL CHARACTERISTICS 

Group 13 of the periodic table contains boron (B), aluminium (Al), | 
gallium (Ga), indium (In) and thallium (ТІ). Within the group, there isa 
great variation in basicity. Boron is a nonmeta! which has already been 
discussed in Unit 12, and the other elements іп the group are metals, 
There is a distinct difference in Properties between boron and the other 
elements. Their valence shell electron structure is ns’, пр and generally 
form compounds with +3 oxidation state.. 

As seen with s — block elements, boron behaves differently from the 
other members of the group (reasons already discussed in Unit 12). 


TABLE 144: Properties of group 13 elements 
Property B AI Ga In TI 
Atomic number 5 


13 31 49 8 
Blectronic structure (He)2s* 2p! (Ness? 3р1 (Аг за10, Koga Koat 
4s^ 4p! 55251 54106%°6р 
Abundance in earth’s crust 10 81300 15 1 0:3 
(ppm) i 
Atomic radius, (pm) 98 143 141 166 m 
Covalent radius (pm) 82 125 125 144 155 
Ionic radius, M? * (pm) 20 50 62 81 95 
Melting point (K) 2573 933 303 429 576 
Boiling point (K) 2823 2740 2676 2273 1730 
Density (g/cm?) at 293K 234 27 591 73 118 
Tonization Potential, (kJ 
mol 73) Ist 800 577 579 558 589 
2nd 2427 1816 1979 1820 1970 
3rd 3658 2745 2962 2703 2879 
Electronegativity 20 145 18 15 145 
Electron affinity (kJ то 1, 5 50. ct. — = 
Reduction potential E? (V) 
МЭ + за PI 
—0-87 —166  —09.56 0.34 *126 
4 
М” +e. o — M = 0.55 —079  —048 — 0:34 
Acid 
—139 
E Alkali 
Oxidation state —31043 43 d +1,+3 +1,+3 
The i i 
PO soft, light and Very malleable metals (except boron) are widely 


uted in nature but only aluminium is abundant. 
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14.10 ALUMINIUM 

Aluminium, the most important element in group 13, belongs to 
p— block elements. It was discovered by H.C. Oestred,the Danish 
scientist,in 1825. Aluminium is a typical metal; although some of its 
compounds (eg. the halides and oxides) have properties which arc 
borderline between those of metals and non-metals. It is not a very 
reactive metal than would be suggested by its redox potential because of 
the formation of a coherent protective coating of oxide on its surface. It 
tends to form more covalent compounds as indicated by its high 
ionization energy values. 

14.10.1 Occurrence 

Aluminium is the third most abundant element (after oxygen and 
silicon) in the earth’s crust and it is the most abundant (8.3% by mass) of 
all the metals. It is not found free in nature. Its important ore is bauxite 
(hydrated aluminium oxide, А1203, 2H20) from which the metal is 
obtained electrolytically. Another important ore is cryolite, Na3AIFo. 
Aluminium is a major constitutent of igneous minerals including complex 
aluminium silicates like felspar (К.А 181308) and mica [KAISisO10 
(OH)2] . These, in turn, weather in temperate climates to give clay 
mineral such as kaolinite [Ab(OH)4Si20s]. A small amount of 
aluminium is also found in minerals like spinel (MgAl2Oq),garnet 
[CasAb(SiO4)s] and beryl (Be3AbSigOis). Anhydrous aluminium 
oxide occurs as corundum, ruby and sapphire. Emery is a mixture of 
A1203 and Fe304. 

Aluminium occurs extensively as bauxite in Sambalpur and 
Korapur districts of Orissa, Chota Nagpur, Madras, Jabalpur and Rewa. 
It is also found in Katni, Belgaum and a place near Jammu. India is the 
largest supplier of mica. Bihar, Madhya Pradesh, Maharashtra, Tamil 
Nadu and Jammu & Kashmir are very rich in mica deposits. i 

An aluminium smelter has been set up at Hirakund for producing 
aluminium ingot. At BALCO (Bharat Aluminium Company Ltd., Korba) 
and in other industries, bauxite is the chief source of aluminium. 

14.10.2 Isolation of Aluminium 

The extraction of aluminium from bauxite involves two steps. First 
bauxite is purified and then electrolysis of molten alumina is carried out 
to produce aluminium metal. Bauxite is a mixture of hydrated oxides of 
aluminium and iron. Silica and clay are also associated with them. Pure 
aluminium oxide is obtained by the leaching process from the ore by 
utilising the fact that it is amphoteric, whereas the impurities, silicon 
dioxide is acidic and ferric oxide is basic. The ground ore is treated as 
Suggested here. The ore is treated with hot sodium hydroxide solution. 
Because of the amphoteric nature of the aluminium ion (aluminium oxide 
is amphoteric-soluble both in strong acids and strong bases) the alumina 
is dissolved away as aluminates from the ore impurities while iron Fe203 
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a basic metallic oxide, insoluble in strong bases) and other impurities 
remain undissolved and are filtered off. It has been suggested that in the 
course of reaction, initially aluminium hydroxide is formed which 
dissolves: in excess of sodium hydroxide to form soluble sodium 
aluminate, NaAl(OH)4. The sodium aluminate is unstable in nature and 
gets changed into metaaluminate (NaAIO?) while the reaction is still in 
progress. Silica, an acidic inpurity, dissolves in sodium hydroxide and 
forms sodium silicate. 

Al203.2H20(s) + H20 + 2NaOH (aq) ——— 2Na Al (OH)4(aq) 

(Soluble) 
or Ар Оз.2Н20(5) + 2NaOH(aq) ——> 2NaAlO»(aq) + 3H20(l) 
(Soluble) 

SiO»(s) + 2NaOH (aq) ——> Naz SiOs(aq) + H2 O(I) 

20H. + АрОз ——» 2AIO? + H20 

The solution of metaaluminate is diluted to the extent that 
hydrolysis occurs giving a precipitate of Al(OH)3. Sodium silicate 
remains in solution 

AlO? + 2H20 == AI(OH)3+OH™ = А (ОН л 


This reaction is reversible. To precipitate Al(OH)3 completely, it is 
necessary to remove OH — ions. This is accomplished by passing CO? gas 
which on reacting with water produces carbonic acid (unstable). 
Carbonic acid on decomposition supplies H* ions. Н * ions so formed 
reduce the OH ions concentration effectively giving the desired 
products. Sometimes a little freshly precipitated Al(OH)3. is added for 
seeding to the filtrate when most of the metal from the solution is 


precipitated as Al (OH); . This precipitate is heated to 1470K to obtain 
anhydrous alumina. 


2Al (OH)s (s) Ар 03(s) + 3H20(g) 

This method of purification is known as Bacyer’s process and is 
illustrated through Fig. 14.9. 

Now the purified molten АрОз is subjected to electrolysis in Hall’s 
cell (Fig. 1440) at 1200— 1250K. Since the melting temperature of AbO3 
(2325K) is so high that electrolysis of the molten oxide cannot be 
accomplished, pure AbOs3 is dissolved in molten cryolite (increases the 
conductivity) which has much lower meltin 


A SAJ g temperature than oxide. 
Calcium flouride is also added to lower the temperature of the melt. 


Aluminium is discharged at the carbon lining of the cell which acts as the 
cathode. The molten aluminium collects at the bottom of the cell and is 
removed periodically. Oxygen is evolved at the anodes, A series of carbon 
electrodes dipped into the electrolyte serve as anodes. A part of the 


pue escapes and rest of it oxidizes the carbon anodes, which are slowly 
eroded. 
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Fig.14.9. The recovery of pure aluminium oxide from bauxite. 
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Fig. 14.10 The electrolytic manufacture of aluminium from purified 
aluminium oxide. 


CHO 
2C + 02 
It is postulated that the equilibrium ЯХ 
АрОз ———— > АГ” + AIO 
(Fused) 
gives rise to the electrode processes: 
At the cathode: АЇ 7 +3e —— AI 


CO2 
2CO 
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At the anode 4A103_ ——> 2 АрО; + 302 + De 

202° Оз + 4€ 

The aluminium obtained is of 99.5% purity. If necessary, it can 
further be purified by electrolytic refining process (Unit 2). 
14.10.3 Properties of Aluminium 

Aluminium is a soft and silvery-white metal of low density. It is a 
good conductor of heat and electricity. It is a reactive metal 

(i) Action of air : Aluminium on heating in air or oxygen burns 
with-a brilliant white light forming aluminium oxide. 

4Al(s) + 302 (р) ^ 2Al2 Оз(5) 

At ordinary temperature, a thin layer of oxide is formed on its 
surface. This protects it from further atmospheric corrosion and makes it 


less reactive. The oxide layer is non-porous to water, and hence, the 
metal is protected from further oxidation. 


(ii) Reaction with water: Aluminium (free from protective layer 
of oxide) reacts with boiling water energetically displacing dihydrogen 
from it. à 
2Al (s) + 6H20(1) + 2AI (OH)s(aq) + ЗН2(р) 

i Saline water (e.g. sea water) corrodes it rapidly especially when it is 
ot. 

(iii) Reaction with acids : Hydrochloric acid and dilute sulphuric 
acid, particularly when hot and fairly concentrated, react with aluminium 
to form salts. 

2Al (s) + 6HCl (aq) —> 2AICIS (aq) + 3H (g) 

2Al (s) + 692504 (aq) — Alo (SO4)s (aq) + 6H20(1) +3502 (g) 

Aluminium reacts with dilute nitric acid at normal temperature and 


does not react with conc. nitric acid. Nitric acid makes it passive by 
increasing the thickness of the oxide film. 


(iv) Reaction with alkalis : Hot and concentrated caustic alkalis 


react with aluminium to form soluble meta-aluminate with the evolution 
of hydrogen. 


2Al(s) +2NaOH(aq) -2H20(1) — 2NaAlO»(aq) + 3H2(g) 


Sodium metaaluminate 
Aluminium reacts with metal 
(oxide) on reacting with aluminium is 


(v) Reaction with metal oxides : 
Oxides on heating. Iron scal 
reduced to iron (Fig, 14.11) 


8Al(s) + 3FexO4  —., 9Fe(s) + 4AbOa(s) 
Chromium and manganese oxides are also reduced to metals. 


(vi) Reaction with non-metallic elements : Aluminium reacts 


with sulphur, nitrogen, carbon (at high temperature)and the halogens to 
form compounds, AbS3, AIN, Al4C3 and AIX3. 
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IRON SCALE MAGNESIUM 
AND ALUMINIUM RIBBON 
POWDER 


Fig. 14.11. Splashing of white-hot sparks of burning reduced iron 
14.10.4 Uses of Aluminium 

The important applications of aluminium are connected with its low 
density, strength and stability of alloys to air and water. Some are listed 
below : 

(i) Since aluminium is a good conductor of heat and electrcity, 
resists corrosion and light, it is widely used in transmission cables, 
household utensils and laboratory apparatus. 

(ii) Since aluminium is an excellent reflector of light and heat, it is 
used for silvering mirrors. The polised surface of aluminium finds its use 
in the reflectors of car headlights. Fire fighting suits coated with 
aluminium protect the fire fighters from the fire and keep them cool. 
Newly born babies are sometimes wrapped in aluminium foil which keeps 
them warm by reflecting heat lost from body. 

(її) Aluminium and its alloys are used extensively as building 
materials, and for the construction of aeroplanes, small boats, railways 
coaches and ships. Automobile industries are the good consumers of 
aluminium alloys. Many parts of cars. e.g. engine blocks, piston heads, etc. 
are made of aluminium. 

(iv) Being non-toxic, aluminium foil is used for packing food- 
materials. ki 

(v) Finely divided aluminium powder mixed with mineral oil is used 
in silvery paint and lacquers.Containers used for storing petroleum 
products are generally silver painted to reflect the heat. —— 

(vi) Dyed anodized aluminium is used for door and window frames, 
utensiles for storage purposes, electrical lamps and other aluminium 
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Wi) 4t 1105 use in the extraction of chromium and manganese, 
Aluminium powder is used in aluminothermy, This process is used in 
joining broken pieces of iron rails (girder), machine parts, etc. 

Aluminothermy is the reduction process by aluminium of the oxide 
of a less reactive metals. In this process, a mixture of aluminium powder 
(3 parts) and iron oxide (one part) is taken in a crucible with a hole at the 
bottom (Fig.14.12). The mixture, known as thermite mixture, is covered 
with a ignition mixture (Mg--BaO?). The magnesium ribbon is inserted 


Mg RIBBON 
enmon Шо 
(Mg + Ва) CRUCIBLE 


MAGNESITE 
LINING 


y 

i T 
APPING 

b PLUG 

0 

0 

U 


Fig. 14.12: Welding by aluminothermy 
14.10.5 Alloys 


TABLE 14.5 Aluminium alloys and their uses 


Alloy Composition Properties Uses 
————M he et (C € 
Duralumin Al 9596 Cu 4% Light, weight, hard, For the construction 
Mg 0.5% Mn 0.5% strong, resistant to of aeroplanes, boats, 
corrosion tubes, cables and 
rivets. 
Magnalium Al 70-95% , Light weight For making machine 
Mg 30-5% hard, strong parts, balances 
household appliances 
ete, 
Alnico Al 12%, Fe 63% Ni 20%, Highly magnetic For making 
Co 5% permanent magnets 
Aluminium Al 240% Golden yellow in For making imitation 
bronze Cu 98—90% colour jewellery, coins, 


utensils, paints, 
Statues, machinery 


castings, etc. 
Dowmetal AI 8—5%, Mn 0.5% Light For making machine 
Cu 2% Ca 0.59 Mg 87.85% parts, ete. 


14.11 SOME IMPORTANT COMPOUNDS OF ALUMINIUM 
Aluminium forms a large number of compounds. In this section, 
we will study the halides and sulphates of aluminium. 


14.11.1 Aluminium Halides 
Aluminium forms both monohalides (AIX) and trihalides (AIX3). 
Monohalides are gaseous in nature and are short lived. Talbe 14.6 shows 
a comparison of some properties of the aluminium halides. 
TABLE 14.6: A comparison of aluminium trihalides 


Property All 3 AICi} — AlBm Ali3 


Melting point (K) 1563 466 3705 462.4 
Boiling point (K) Sublimes above —— Sublimes at 528 654 
mp 453K 

Heat of formation A H f 1498 707 527 310 

(Ето! ~ 1) 

Condition for hydrolysis Steam Water Water Water 

Solubility in water Insoluble Readily Readily Readily 
soluble soluble soluble 


ae TF Soluble Soluble Soluble Soluble 

The distinct change in the properties from flouride to iodide is 
because of ionic nature of flouride to covalent structures (triodide is 
typically covalent). 

AIF3 is produced by treating AlzO3 with HF gas at 473K and the 
other trihalides are made by the direct exothermic combination of the 
elements. 

АБО, + 6HF 2AIFs + ЗНО — 

Anhydrous aluminium chloride is prepared by passing dry chlorine 
or HCl gas over the heated aluminium powder. 
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А EISE mR AbClg 
2A] + 6HCI AbCls + 3H2. 


It is also obtained when purified bauxite is treated with carbon and | 
chlorine. 


АрОз + 3C + 3Cb AbCls + 3CO 

When aluminium metal is treated with strong hydrochloric acid and 
the solution is evaporated, crystals of hexahydrate, AlCls. 6H2O are 
formed. 

Anhydrous aluminium chloride is a white crystalline solid soluble in 


organic solvents. It is Very hygroscopic, absorbs water from the 
atmosphere and finally dissolves in water. Solid aluminium chloride is an 
ionic solid consisting of AP * and CI ions. 

Measurement of its densi 


| 
| 
1 
| 


Cl Cl Cl 
АСы(з) 2—5 чо У 7 нна | 
АЧАР" can lem ж dl 


CI TEMP [e] 
(gas) (gas) 
EACH AL ATOM IS COVALENT MOLECULE COVALENT MOLECULE 
SIX-COORDINATED WITH TETRAHEDRAL, FOUR- PLANAR, THREE- 
IN AN ESSENTIALLY COORDINATED COORDINATED 
IONIC LATTICE ALUMINIUM ALUMINIUM 


Fig. 14.13 Effect of heat on АР Cle 


The AIX3 Structures (trigonal sp? hybridized) have a vacant orbital 
and are Lewis acids and add i i 


14.11.2 Aluminium Sulphate, Ab (SO4 )з. 18H20 


It is prepared by treating bauxite or clay wi ic aci 
y y with sulphuric acid 
A SROS (OH), + 6н? + 380; = —, Ala(SO4)3+ 2H2Si03 + 3H20 
ЧЕЗ. ог Ab (SO4)3 + 2SiO2 + 5H20. 
Silica is separated by filtration and the filtrate is evaporated to get 
crystals. It is a colourless Crystalline soli 


d substance soluble in water. If 
Strongly heated upto 1033K, the sulphate loses first water of 
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crystallization and finally SO3. Its aqueous solution is acidic duc to 
hydrolysis. It forms many double salts with sulphates of other metals. 
These are called ‘ALUMS’; their general formula is M 1504. 
Molll(so4)3. 24H20. (where M'-Na*, K*, Rb*, NH*a ес; 
М!!! APT Fet сї etc.) Some commonly used alums of Ab(SO4)3 
аге: 


Potash alum К2804. Ab(SO4)s. 24 H20. 
Sodium alum М№а2504. Ab(SO4)3 . 24H20 


Alums are extensively used for softening and purifying water and as 
mordants in dyeing. They act as styptics on small cuts. Aluminium 
sulphate is used : (i) in printing and dyeing industry, (ii) in the sizing of 
paper, (iii) in the water proofing of fabrics and dyeing of fabrics,(iv) in 
tanning leather, and (у) in the foamite fire extinguisher. Sulphate being 
the cheapest soluble salt of aluminium, is used as a source of aluminium 
hydroxide for the purification of water. 


1412 CEMENT 


Cement is a very important building material. In 1824 an 
Englishman, Joseph Apsdin, a mason of Leeds, discovered that when a 
strongly heated mixture of limestone and clay was mixed with water and 
allowed to stand , set to a hard mass which resembled a famous building 
stone, ‘Portland rock’ of England. He called this artificial material 
‘Portland cement’. 


In India, the cement was first manufactured in Madras (Tamil 


Nadu) in 1904. The Indian Cement Co. Ltd. started manufacturing 
cement at Porbandar, Kathiawar in 1914. Thereafter the cement industry 
had its steady and rapid progress. Today, there are about 100 cement 
factories in our country. The production of cement in these factories 15 
very high (~ 369 lakh tonnes per annum). India now exports cement. 


The average composition of portland cement is as given below : 


Lime (CaO) 62% Silica (SiO2) 22% 
Alumina (АБОз) 7% Iron Oxide (Fe203) 3.5% 
Magnesia (MgO) 25% Alkali oxides 1.5% 


Sulphur trioxide 1.5% 


Manufacture of Cement 
There are two methods for the manufacture of Portland cement — 
the wet process and the dry process. 
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in the wet process, the raw materials. limestone and clay are first 
crushed in crushers, mixed in proper proportions and then the mixture is 
finely ground and homogenized. The fine mixture is converted to slurry 
by adding a little water. 


In the dry process, the powdered raw materials are mixed in proper 
proportions and then pulverized to further fineness. 


A rotary kiln, about 50 metres long and 2 to 6 metres іп diameter is 
used for heating. It is made of steel sheet and is lined inside with 
firebricks (Fig. 14.14). 


COAL DUST HOPER 


HOT AIR DUST 
CHAMBER 


Fig. 14.14. Rotary kiln for the manufacture of cement. 


The slurry (in wet process) or the dry pulverized mixture (in the dry 
Process) is fed into the kiln with the help of a screw conveyer. The charge 


m us 


Calcium silicate 


Addition 
of Portland 
— Cement 


gypsum 


Limestone Heat Саз SiOs, 
and clay are | 1773-1873 K Са; SiO; 
ground mixed] ———. 
in rotary kiln | Calcium aluminate 
Саз AbOs, 
Са;АһЬО; 
cement clinker 


Cement, with water forms a gelatinous mass which sets to a hard 
solid mass. This hard mass consists of three dimensional cross links 
formed between-Si-O-Sl-and-Si-O-Al-chains, Fly ash, a waste product 
from the steel industry is mixed with cement to reduce the cost. Rice busk 
a source of silica is used in making cement. 

Uses of Portland Cement 

A mixture of cement, sand and water in desired proportions is 
called mortar. It is used for plastering walls. When the above mixture is 
mixed with broken pieces of stone and some coarse sand the resulting 
mass is called concrete. It is used for flooring and roofing. Reinforced 
cement concrete (RCC) contains framework of iron bars embedded in 
the concrete. RCC is used for making lintels, roofs, pillars, etc. 

1413 BIOLOGICAL ROLE OF SODIUM, POTASSIUM, 

MAGNESIUM AND CALCIUM 

Sodium potassium, magnesium and calcium are often called the 
metals of life. In order to appreciate their zole in iiving organism, it 
would be appropriate to know about the body fluid, where these metals 
are found. Each cell of the human body is bathed by its own tiny pond of 
tissue fluid (the interstitial fluid) which provides material for its 
immediate needs. Transport from the environment is performed by 
circulatory system. 

The distribution (Fig 14.15.) of the body fluid ir the various 
conipartments is as follows : 

1. Cellular fluid or intracellular fluid (fluid within the cell) 

2. Extracellular fluid (from outside the cell) | Í 

(i) Interstitial fluid (tissue fluid, the fluid present in the tissue 
Spaces). (ii) Plasma (fluid in the circulatory system.) ee 

The intracellular fluid contains mainly К” and HPO, ions 
whereas the extracellular fluid contains a large amount of Ма * and Cl 5 
ions and a small amount of K*, Mg* and Ca? + ions. The plasma K 
level is under constant watch by the human system, since this ion 
depresses myocardial function. An increase in plasma K E extremely 
dangerous since it leads to cardiac arrest. Calcium present in the plasma 
is both in the ionic and covalent forms. About half of plasma Ca?* is 
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Fig. 14.15. Distribution of the total body water (fluid) in various parts, with 
60% of body weight taken as an average water content. 


ionic and the remainder is bound to protein. Calcium helps in the 
nervous system function whose deficiency causes a tetany. Plasma Mg 
also shows a sedative effect on the nervous system ; with a deficit leading 
to hyperexcitability. The electrolyte composition of the body fluids 15 
maintained strictly within normal limits. The cellular fluid is hardly 
accessible for analysis. Even tissue fluid is difficult to obtain. Under the 
circumstances the accessible fluid, the plasma, is used for diagnosti? 
purposes. 


In the extracellular fluid the concentration of various ions are : 


Na*ion = 142 NA - p 
MEENT (1meg = [formula weight milligram) 
ionic charge 
Cl ion = 104meg/L 


Ka (Plasma) = Smeg / 1, 
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In order to established this concentration gradient in the cell the 
membrane serves as an effective barrier, controlling the movement of 
these ions. Biologists propose a sodium or potassium ion transport system 
known as the sodium (or potassium) pump. The sodium pump ensures 
the necessary ratio of Na* and K* concentrations in the extracellular 
and intracellular spaces. Any K* leaking out of the cell is pumped back 
in ; any Na* entering is extruded. The membrane is thus, effectively 
impermeable to Na* and К+ It keeps potassium within the cell, sodium 
out of the cell, and allows water to passs freely. The cation gradient, 
helps the nerve cells in discharging their functions well. A nerve cell, in 
the state of rest, develops potential corresponding to the potassium 
concentration across the membrane. When the nerve cells are in state of 
action, a chemical (e.g. acetyl choline) is released near its end plate, and 
thus the membrane potential is discharged. This discharge is transmitted 
through the entire length of the nerve cell by an electric pulse. This 
activity reflects the importance of sodium and potassium ions. 

CH2 


CH2CH3 


H3 


d VES pm сац 
о 


COOCooHss COOCHs 
=- CH3: chlorophyll a 
R = НС = О: chlorophyll b 
Fig. 14.16. Chlorophylls 
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Magnesium, an important activator for enzyme systems, shows a 
larger intracellular level. The high intracellular phosphate concentration 
is attributed to the catalyzing effect of Mg* (in conjuction with Ca? *)in 
the phosphate polmerization step in the chain by which energy obtained 
from oxidation of organic compounds is stored and utilized. Magnesium 
is also found in chlorophylls (Fig.14.16), the pigments which are 
responsible for nearly all the conversion of CO? and H20 to organic 
molecules using the energy of light (photosynthesis). Calcium is found in 
the bones. It has a strong bearing on the muscle contraction. More is yet 


know about the role of alkali and alkaline earth metals in biological 
functions. 


Na* ions regulate the movement of water between cells and 
extracellular fluid. During dehydration plasma Na * 
water is pulled from the cell in response to the 
pressure of the extracellular fluid. (Figure 14.17) 
unless water is replaced, until death occurs. 
movement of water at the time of dehydration. 
movement of water when the plasma Na * 
dilution of the extracellular compartmen 
(hyponatremia). 


level increases and 
increased osomotic 
This shift continues 
Figure 14.17 shows the 
Figure 14.18 shows the 
level falls, i.e. when simple 
t with water takes place 


EQUILIBRIUM CONDITION DEHYDRATION (HY PERNATREMIA) 


EXTRACELLULAR 


EXPANSION 
БСЧ рари 


N 
CELLULAR 
CONTRACTION 
' 


142 mOsm Na * 
(ISOTONIC) 


200 mOsm Na* 
(HYPERTONIC) 


Fig. 14.17 (a) In isotonic extracellular compartment, water movement is in 
equilibrium. (b) Fluid shift from intracellular to extracellular fluid occurs 
under hypertonic conditions. The cells are dehydrated, losing water to the 
increasing Ма concentration. This Will restore or expand the blood 
volume, depending on whether the primary condition was dehydration or 
hypernatremia. The cellular compartment contracts, and the extrracellular 
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WATER INTOXICATION (HYPONATREMIA) 


NET WATER 
MOVEMENT 


ee 
58 


EXPANSION 


100 mOsm Na* 
(Hypotonic) 


Fig. 14.18 Fluid shift from extracellular to intracellular fluid occurs under 
hypotonic conditions. The celiular compartment expands as water moves 
into saltier cells. The extracellular compartment contracts. 
SELF ASSESSMENT QUESTIONS 
MULTIPLE CHOICE QUESTIONS 


14.1 Put a tick ( Уу ) mark against the most appropriate choice : 
(i) Which of the followings is not associated with the solid sodium chloride ? 


(a) ionic, (b) brittle, (c) non-conductor, (d) covalent 
(ii) Which of the following alloys is an alloy of aluminium ? 
a) brass, (b) magnalium, (c) bronze (d) stainless steel 


(iii) Which one of the following properties of the alkali metals is not correct ? 
(a) soft (b) low melting and boiling points (с) occur in the native state 
(d) obtained by electrolysis of the molten chlorides. 

(iv) A substance used in metallurgy to remove rocky material is called 


(a) slag (b) flux (c) oxidizing agent (d) gangue. 

(v) The compound insoluble in acetic acid is (IIT 1986) 
(a) CaO (b) CaCO3 (c) CaC204 (d) Ca(OH)2 

(vi) The pair of compounds which cannot exist together in solution is (IIT 1986) 
(а) NaHCOs and NaOH (b) Na C03 and NaHCO3 
(c) Na2CO3 and NaOH (4) NaHicos and Na Cl. 

(уй) А solution of sodium sulphate in water is electrolyzed using inert electrodes. The 
products at the cathode and anode are respectively (IIT 1987) 
(а) Нә О, (Он; (©) Op, Na (d) 02,50) 

(уш) The metallic luster exhibited by sodium is explained by (IIT 1987) 
(a) diffusion of sodium ions (b) oscillations of loose electrons 
(c) excitation of free protons (d) existence of body centred cubic lattice. 


(ix) Which of the following metals is not extracted by electrolytic reduction ? 
(a)aluminium (b) magnesium (c)sodium, (d) copper 
(x) Which of the following minerals/ores is not a copper silicate ? 
(a) cryolite (b) felspar (c)asbestos (0) talc ^t 
(xi) Which of the following compounds is associated with water of crystallization ? 
(a) magnesium sulphate (b) sodium hydrogen carbonate 
(c) sodium chloride (d) calcium chloride. q 
(xii) Which of the following ions are found in the intracellular fluid ? 
(a) Na * (b) K* (c) Ca (d) Mg 
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14.2 Fill in the blanks with appropriate words : 


(i) Sodium dissolved in liquid ammonia conducts electricity because 
(IIT 1985) 

(ii) Dihydrogen gas is liberated by the action of aluminium with concentrated solu- 
tion of В (ПТ 1987) 

(iii) The electrical conductivity of а solution of acetic acid will be ў if a 
solution of sodium hydroxide is added. (IIT 1987) 

(iv) An increase in plasma level can cause cardiac arrest. 

(v) To cement clinker is added to get Portland cement. 

(vi) Aluminium sulphate forms double salts called with sulphates of 
other metals. 

(vii) In the electrolysis of purified bauxite is added to lower the tempera- 


ture of the melt. ^ 3 
(viii) The element recovered from sea waer оп industrial scale is 


(ix) Alkali metals are strong__and hence, cannot be isolated by reduction 
of their oxides. 
(x) Addition of water to produces slaked lime. 
143 Match the descriptions/terms in columb B against the terms under Column A 
COLUMNA COLUMN B 
1. Down's cell (i) Aluminium 
2. Steam (ii) Magnesium 
3. Epsom salt (iii) Calcium 
4. Flourspar (іу) MgSO47H50 
5. Hall's process (v) Silicate 
6. Carnallite (vi) Sodium 
7. Double salt (vii) Alum 
8. Glass (viii) CaF 
9. Silica (ix) Cement 
10. Anhydrite (x) An electrolytic dissociation of 
molten sodium chloride. 


14.4 State if thé following statements ae true(T) or false(F) : 
1. Solubility of sodium hydroxide increases with increase in temperature 


wv 


Y (IIT 1985) 
. The softness of group 1 metals increases down the group with increasing atomic 


number. (IIT 1986) 


3. Sodium ethoxide is prepared by reacting ethanol with aqueous sodium 
hydroxide. (IIT 1986) 
4. Sodium when burnt in excess of dioxygen gives sodium oxide. (IIT 1987) 
5. Catalyst makes a reaction more exothermic. (IIT. 1987) 
6. 


. In group 1 of alkali metals, the ionization potential decreases down the group, 
therefore, lithium is a poor reducing agent. (IIT 1987) 

‚ Leaching is a process of purification and extraction. 

. Calcium sulphate is used in medicine as purgative. 

. Group 2 elements have higher m.p. and b.p. than their corresponding elements 
in group 1 of the periodic table. 


10. The concentrated solution of sodium chloride i i i 
SHORT ANSWER QUESTIONS oride in water is called brine. 


14.5 Write down the balanced e 


won 


quations for the reactions when, 


(i) Potassium permanganate interacts with ioxide i м 
бо га manganese dioxide in nee ries), 


(ii) Calcium phosphate is heated with the mixture of sand and carbon. (IIT 1985) 
(ili) Zinc oxide is treated with excess of sodium hydroxide solution. (IIT 1986) 
(iv) Excess of carbon dioxide is passed through a solution of slaked lime.(IIT 1985) 
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(v) Bauxite is treated with a hot concentrated solutionof sodium == „ш Syd 
(vi) Aluminium is reacted with hot and concentrated solution of sodium hydroxide 
(vii) Sodium reacts with cold water, 
(viii) Gypsum is heated at 400K 
14.6 Explain the following in one or two sentences only. 
(1) Magnesium oxide is used for the lining of steel making furnace. 
(ii) A mixture on heating with sodium hydroxide solution gives a gas which turned 
red litmus blue. 
(iii) Why is sodium chloride added during electrolysis of fused magnesium 
chloride. 
(iv) Aluminium does not react with cold water under ordinary conditions. 
(v) Calcium is used for removing traces of moisture from alcohol. 
(vi) Aluminium is placed in group 3 of the periodic table. 
(vii) In the extraction of aluminium from bauxite CaF2 is also used. 
(viii) Sodium is not found in the earth's crust in the free form. 
(ix) Sodium is deposited at the cathode during its preparation from the brine solu- 
поп. 
(x) Alloys are generally more useful. 
147 1. Which of the two metals in each of the following reactions is more reactive ? 
(a) Fe203 + 2А1————> AbO3 + Fe 
(b) CuO + Mg————> MgO + Cu к 
(1) Which characteristic property of metals makes them more reactive ? 
(ii) Give a few properties of the aluminium which make it industrially important . 
(iii) Name the оге and the process employed for the extraction of the following me- 


tals. 


(i) Sodium (ii) Calcium (iii) Aluminium 
(iv) Arrange the following groups of elements in order of increasing reactivity. 
(i) Na, K, Li (ii) Na, Mg, Al (iii) Na, Mg, Cu 


(v) Arrange the following metals in the increasing order of their reactivities towards 
water: Zn, Fe, Mg and Na. 

(vi) Suggest reasons for the following. ) M 
(i) Caustic alkalis like sodium hydroxide are not stored in aluminium vessels. 
(ii) Aluminium cannot be extracted by reduction of its ores by carbon. — 
(iii) An iron pipe, buried in the earth is protected from rusting by joining it to 
magnesium. 

(vii) How will you test aluminium ion in the laboratory ? 


TERMINAL QUESTIONS 
14.1 (i) Name one source in which sodium chloride is found in abundance. m. 
(ii) Which element is obtained if sodium hydroxide is subjected to electrolytic dis- 
sociation ? 
(iii) Name four naturally occurrin 
chemical formulae also. 
(iv) State any three uses of sodium. 
(v) Name two elements which are pl 
(vi) Name any five naturally occurring 
(vii) Which element is obtained by the electro 
cium chloride and calcium flouride ? 


viii) State five uses of com nds of calcium ? - : à ' 
б) wate the chemical Pie of calcium oxide, calcium hydroxide, calcium 


chloride, calcium bicarbonate. m 
(x) Write the electronic arrangement in aluminium. How many neutrons does an 


atom of aluminium contain? — — Wh à 
(xi) Why has aluminium been placed in Group 13 X the ШЫ ? 
(xii) Name five naturally occurring substances which contair t 
" Nene Bn types (n ree Era mon to ту metallic ores. 
b) Name three of compounds which are с Y 5 
© Name the term assigned a the elements alongwith the border line between the 


c the non-metals. н х 
(9) weder used in refining of the metals. Substantiate your 


answer by taking one example of each. 
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g substances which contain sodium. Write their 


laced in the same group in the periodic table. 
substances which contain calcium. 
lytic dissociation ога mixture of cal- 


14.3 (a) Usual methods of extraction are not employed for the extraction of group 
land 2 metals. Explain. 


(b) How has the problem of high temperature been solved in the electrolytic reduc- 
tion ? 


(c) Why is it necessary to electrolyze molten salts of sodium rather than aqueous . 


solution of these salts in order to obtain sodium metal ? 
14.4 (a) Briefly explain each of the followings : 
(a) Down's cell (b) Leaching and (c) Aluminothermy. 
14.5 Give in brief the extraction of aluminium from bauxite. A 
14.6 (a) Aluminium is more active than iron and yet there is less corrosion of aluminium 
when both are exposed to air. Explain. 
(b) A trivalent metal was obtained by the process of electrolysis. The metal, when 
dissolved in dilute НСІ and treated with excess NH4OH gave a white 


precipitate. What was the metal ? How will it react with NaOH ? Name one 
alloy of the metal, 


(c) What is activity series of metals ? 

4.7 (a) How do the metals Sodium, calcium, aluminium and magnesium. react with 
(i) waterand (ii) Air 

\ (b) What is the action of common acids on the following metals ? 

Sodium, calcium, aluminium and magnesium. 

148 Explain the followings : 
(a) Ionization energies of alkali metals decrease as the atomic number increases. 
(b) Group 2 metals (Mg, Ca) are harder and denser than Group 1 metals (Na, K) 
(c) It is necesary to purify the bauxite ore before electrolysis to produce aluminium. 


149. How do magnesium and calcium occur in nature ? Suggest the methods for their ex- 
traction ? 


14.10 What is soda ash ? Discuss the method for its production ? 


14.11 Explain the signifcance of sodium and potassium in biological fluids. 
14.12 Explain the followings : 


1. The hydroxides and carbonates of 
water while the corresponding sa 
soluble in water. 

2. Aluminium reacts both with acids and alkalis ? 

3. Gypsum is added towards the end in the production of cement. 

i m continues to burn in sulphur dioxide. 

for electric cables though it is less conducting in nature than 

copper. 

14.13 What are alloys ? Name 

compositions and uses, 

14.14 Give the methods of Preparation of the fo! 

(i) Sodium carbonate (ii) Anhyd 
Sodium hydroxide, 


14.15 What is cement? Give its composition and the raw materials used in its production. 
Describe the method briefly, 


ANSWERS TO SELF ASSESSMENT QUESTIONS 
(X) a (ii) b (b (0 с (м) а Gija (vii)d (куа (фа 


\, 


sodium and potassium are easily soluble in 
lts of magnesium and calcium are sparingly 


a few alloys of magnesium and aluminium with their 


llowing compounds. Give their uses also. 
Tous aluminium chloride (iii) Quick Lime and (iv) 


7 (ix) 10 d $0) 4 (Wü) s. () 6 Gi) 7 (w) в. (ә 
i OT (шр q ! | 

(viii) F (oe (ON () F v F мт (wi)T 
145 (i) 2KMnO4 + M 
(ii) 2Саз (РО) + 6510, 


СаСОз + 90+ СО» 2. amico 
() Ар Оз. 20 +295 + эмон NAI + 3H20 
(vi) 2Al(s) + 2NaOH(aq) 4- 2H20(1) > 2NaAlO»(aq) + Зно 
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ii) 2Na(s) + 2H20(1) > 2NaOH(aq) + H2 
ei) COS, зно Asso, L H20 + 5 Pao. 


14.6 (i) MgO is used for the lining of steel making furnace as it helps in the removal of 
impurities of silicon, phosphorous and sulphur through slag formation. (IIT 1987) 


(ii) The mixture contains NH*4 ion as it gives NH3 on being heated with NaOH 
solution. The gas turns red litmus blue. 
NH4 + OH” — NH3((g) + H20 
(iii) Because NaCl ирис» the hydrolysis of magnesium chloride and increases 
the conductivity of the fused mass. 
MgCl? + H20 — MgO + 2HCI 
(iv) Because the surface of aluminium remains covered with a thin film of oxide. If 
the film of oxide is removed, then aluminium reacts with water forming 
aluminium hydroxide and dihydrogen. 
(v) Because calcium absorbs water 2 6 
(vi) Aluminium has electronic configuration 182, 2s”, 2р6, 3s2, 3р1, Accordingly, it 
contains three electrons in its outermost shell, hence, is placed in group 14 
(vii) CaF works as a flux. Also it is used to lower down the m.p, of purified 
bauxite. 
(viii) Saum is a highly reactive substance, and hence is not found in its native 
state. 
(ix) Sodium chloride dissociates 5 fottows : 


+ * Fused ч e 
Na CI (s)——> Na + СІ 
Sodium ions, bécause of their positive charge. move towards cathode and 
are reduced there. Finally they deposit on the cathode. 
Na" *€ — Na 


(X) Because alloys are harder than metals and are corrosion resistant. They 
acquire attractive colour. 


Gi) Mg; Tendency to lose electrons. Greater the tendency of the metal to lose 
electrons the more reactive it is. К " 

2. (i) light metal, (ii) good conductor of heat and electricity, (iii) strong affinity for 
oxygen even at ordinary temperature (iv) corrosion resistant due to Al203 
layer. 

(i) Rock salt or NaCl from sea water. Electrolytic dissociation of molten sodium 
chloride or sodium hydroxide. (ii) Calcium chloride from sca water. 
Electrolytic dissociation of a mixture of calcium chloride and calcium fouride. 

(iii) Bauxite. Electrolytic dissociation of a mixture of alumina (from bauxite) 
and cryolite (purified naturally occurin| substance.) 

(i) Li < Na < K (ii) АІ < Mg < Na (iii) Cu < Mg < Na 
Fe < Zn < Mg < Na f х 

(i) Aluminium dissolves in sodium hydroxide forming soluble sodium 
metaaluminate. 
2Al(s) + 2NaOH(aq) + 2H20(1) > 2NaAlO2(aq) + 3H2(g) 

(ii) Aluminium is a strongly electropositive metal. Purified alumina, therefore, can- 
not be reduced by carbon. Moreover, aluminium, if formed, instantaneously 
combines with carbon to yield aluminium carbide, AlyC3 

(iii) ^ Magnesium is more electropositive than iron and j oxidized in 
preference to iron, thus, preventing the formation of Fe * and hence, 
rust. 

(iv) Lake test : In an aluminium salt solution add a little litmus solution and 
excess of ammonium hydroxide. A blue gelatinous precipitate is formed 
which floats in a colourless medium (blue lake). 


ө 


соь 


721 


UNIT 15 
Chemistry Of Heavier Metals 


(Iron, Copper, Silver,Gold, Zinc, Mercury, Tin, and Lead) 
КЕТУ r зе ШШШ ш зз. 


Only through theory does Knowledge, maturing into an integral whole, 


become Scientific knowledge; science is an ordered combination of factual 
knowledge and theory, 


A.M. BUTEROV 
a TG ———— 


UNIT PREVIEW 


15.1 Introduction 
152 Iron 
153 Steel 
154 Compounds of iron 
155 Copper, silver and gold 
15.6 Compounds of Copper, silver and gold 
15.7 Photography 
158 Zinc and mercury 
15.9 Compounds of zinc and mercury 
15.10 Tin and lead 
15.11 Compounds of tin and lead 
Self assessment questions 
Terminal questions 
Answers to self assessment questions. 


LEARNING OBJECTIVES’ 


At the completion of this unit, you should be able to; 
1. Cite the Principal sources of the 


heavier metals included in this unit and methods of 
their extraction. 

- Compare the variation in Properties found among the members of the group to which 
the metals belong. 

Give the composition and use of the alloys Spanning the unit, 
‚ Give the methods of Preparation, and uses of oxides, halides, 
these metals. 

- Explain the chemical 
ist some of the im 


sulphides and sulphates of 


Paan aw ы 
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9. Understand the meaning of the following terms: flux, slag, blister copper, matte, steel 
and steel alloy. 


15.1 INTRODUCTION 


From the Bronze Age to the steel age, man has used metals and 
particularly in the form of alloys. Copper, silver ad gold have been known 
since the first records of history as being worked upon in the ancient 
civilization of Mesopotamia 4500 years ago Some of the common metals 
that we encounter are tin, lead, iron, cobalt, nickel, copper, silver, gold, 
zinc and mercury. We usually think of metals as substances used for 
structural activities such as, in buildings, trains, automobiles, еіс. Metals 
are used for various purposes including for fabrication purposes and to 
conduct heat and electricity. In addition, metals and their compounds 
are useful to mankind. They serve many important biological functions 
(Unit 14). 

Modern civilization is totally dependent on the use of metals. 
Metals have found their use in jet aeroplane and rocket. Titanium is used 
in the high temperature components of jet engines and in the outer skins 
of supersonic fighter aircraft. Alloys are widely used for various 
purposes. 

By now, we have gathered sufficient knowledge to distinguish 
between metals and non-metals (Units 12,13 and 14).. In Unit 2, we 
studied about the various steps involved in the extraction of metals from 
their natural deposits. We are already familiar with their metallic 
characteristics (Units 12,13 and 14). In this unit, we shall examine the 
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various processes of obtaining some heavier metals, е.2., iron, copper, 
silver, gold, zinc, mercury, tin and lead from their ores. We are already 
familiar with the processes employed in the extraction of sodium, 
magnesium and aluminium (Unit 14). We shall also study about the 
chemical reactions of these metals. This unit also includes the various 
chemical aspects of their compounds and their uses. 
152 IRON 

Iron was known at least as early as 4000 B.C. Iron ornaments 
dating back to 4000 B.C. have found in Egypt. Some iron pieces have 
been found in the great 2900 B.C. pyramid at Giza. Iron objects have 
been found in archaeological excavations in the Middle East, India, China 
and most ancient civilization. The early discovery and use of iron in 
manufacturing of tools and weapons are the fruits of wide distribution of 


deposit. People in ancient India knew iron making from its ores and were 
experts in producing steel. The iron pillar in Qutab Minar complex in 
Delhi is a symbol of our ancient civilization, 

Iron is the most important of metals. Iron with electronic 
configuration [Ar] 3d° 6s? belongs to group 8 of the periodic table. Iron 
15 à typical transition element. 

_ Tron is a dark grey metal. On rusting, its colour changes to brown. 

It is a good conductor of heat and electricity and has a high tensile 
Strength. It is one of the few magnetic elements. 

Iron has been put to various uses - from using for manufacturing 


el are silvery white metals of only moderate 
agnetic in nature. They dissolve in dilute 
+2 state (Fe?* in the 
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HN: 
IRON COMPLEX IN HAEMOGLOBIN 


Fig. 15.1. Iron complex in haemoglobin 
Some general properties of iron, cobalt and nickel are given in 
Table 15.1 


TABLE: 15.1 General properties of iron, cobalt & nickel. 
Properties Fe Co Ni 
Atomic number 26 27 28 
Electron [Ar 346492 [Ат] 347 4s? (Ar 34° as? 
Atomic radius (pm), 126 125 125 
Ionic radius(pm) M 76 74 т 

м? в 63 62 
Melting point (K) 1808 1768 1726 
Boiling point (K) 3273 3173 3005 
Density g cm” 7.86 8.86 8..90 
Commen oxidation +2, +3 +2, +3 +2 


states 


15.2.1 Occurrence and Extraction 
Iron does not occur native in the earth’s crust. However, it is 
abundantly found in the combined form, mainly as oxides and sulphides. 


The common and important ores are : (i) haematite, Fe203, (ii) 
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Orissa and Karnataka. Asansol, Durgapur, Jamshedpur, Bhilai, Bokaro, 
Rourkela and Bhadravati are the main iron producing centres from its 
ores. 

Isolation of Iron from its Ores , 

The most important raw materials from which iron is obtained are 
haematite and limonite. Other minerals containing iron, such as sulphides 
must be roasted in air to get the oxide before reduction to the metal. And 
carbonates are heated in the absence of air (calcination) to obtain oxide. 
In these processes, the volatile impurities are removed and the ore 
becomes porous. In the earth, iron ores are found mixed with clay, silica 
and compounds of various elements including manganese, phosphorus 
and sulphur. Purified iron oxide is reduced by carbon monoxide in a blast 
furnace. A blast furnace is a tall steel structure lined with fire bricks 
(Fig.152). The roasted ore mixed with limestone and coke is fed into the 
blast furnace from the top and a blast of hot air is introduced at the 
bottom. The coke serves as a source material for CO, the reducing agent. 
Limestone serves as a flux material. The following reactions take place: 

() In the lowest part (zone of combustion) of the furnace coke is 
oxidized exothermically to carbon dioxide. The highly exothermic 
reaction raises the temperature to about 1800-2000K. 


3Fe203(s) + CO(g) — 2Fe304(s) + СО, (р) 
Fe30,(s) + CO(g) — 3FeO(s) 
FeO(s) + CO(g) — Fe (molten) + CO2(g) 
The iron produced finds its way to the bottom of the furnace where 
the temperature is high enough to melt it. The molten iron gets 


80 779 СаО) + COxg) дн = 178k] mol ^! 
aO(s *. SiO»(s) Жа? СаО 
е sar é y : Е 
(Basic flux) (Acidic impurity) (Molten es 
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Fig. 15.2. The smelting of iron oxide in the blast furnace. 


In the uppermost region, temperature decreases to about 500K 
where the raw materials are added. 

Slag and iron are tapped off every few hours and collected 
separately through different outlets. The iron from the lower outlet of 
blast furnace is run regularly into sand moulds where it forms solid blocks 
called ‘pigs’. 

15.22 Forms of Iron 

Different forms of iron have been recognised depending upon the” 
content of carbon. There are three commercial forms of iron: Pig iron, 
or Cast iron, Steel and Wrought iron. 

Pig Iron: It is a primary product of the blast furnace, contains 
considerable amount of impurity in the form of silicon, carbon (3-5%), 
phosphorus, sulphur and manganese. These can be removed by passing 
limited supply of air through the molten metal. Pig iron is very hard and 
brittle due to its high carbon content. It is classified according to its 
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composition and the type of steel making process for which it is destined, 


Cast Iron: It is the moulded form of pig iron. It is obtained by 
pouring pig iron directly from the blast furnace into moulds of desired 
shapes. It is very hard and brittle because of its high carbon content 


Property, it is extensively used in casting various shaped articles, e.g., toys, 
stools, tubes, tools an agricultural implements. It is highly resistant to 
corrosion and is used for moulding sewage pipes and similar such things. 
It is used in engine blocks, brake drums, transmission housing in 
automobiles, gutter piping, railings, etc. It is also used to manufacture 
bed plates of various machines and lathes, lamp posts, hot-water pipes, 


grids, man-whole covers, fly wheels, slabs, tubes, bunsen burners, railings, 
etc. 


Wrought Iron: Iron containing carbon from 0.2 -2% is called steel. 
Tron having carbon below 0.2% is called wrought iron (also called 


Fe203 + 3C — 2Fe + 3CO(s) 
MnO + Sio; + MnSiOs (slag) 


The product is then passed through rollers to remove slag, As a 
result, some of the slag is left between the layers of iron, Thus, it assumes 
a fibrous structure, Wrought iron (m.p. 1675K) is tough, malleable, 


forged, rolled, drawn and Pressed into various shapes. Its melting point is 
higher than that of cast iron. It is used for making various types of 
articles, chains, anchors, nails, bolts, frame-works, wires, electromagnets 
for electric cranes and dynamos, horse-shoes, agricultural implements, 
railway carriages couplings, etc, It is also used for some ornamental 
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15.2.3 Reactions of Iron 


(i) Action of air : Iron does not combine with dioxygen at ordinary 
temperatures, but when strongly heated it burns to form Fe3O4 which is 
magnetic in nature. 

3Fe(s) +202(g) Fe304(s) 

Iron, in the presence of moist air, gets covered with a brownish red 
layer known as rust. Rust is a mixture of hydrated oxides of iron (Fe203. 
H20) 

(ii) Action of water: Iron reacts with water and air to form rust. 
When steam is passed over red hot iron, dihydrogen is liberated and iron 
(II) iron (III) oxide, Fe3O4(s) is formed. 

3Fe(s) + 4H20(g) —> 4H»(g) + ЕезО4(ѕ) 

(iii) Action with acids: With dilute hydrochloric and sulphuric 
acids, an iron (II) salt and dihydrogen are formed. 

Fe(s) + 2HCl(ag) —> FeCla(aq) + H2(g) 

Fe(s) + H2SO4(aq) —> FeSOa(aq) + H2(g) 

With dilute nitric acid, it gives ferrous nitrate and ammonium 
nitrate. 
4Fe(s) + 10HNO3(aq) —> 4Fe(NO3)2(aq) + NHaNOs(aq) + 3H20(1) 

Some other products, including oxides of nitrogen, are also 
produced depending on the concentration and temperature. 
Concentrated nitric acid makes iron ‘passive’ ie, there is no apparent 
reaction. With hot concentrated sulphuric acid, it gives sulphur dioxide 
and a mixture of iron (II) and iron (III) sulphates. 

Fe(s) + 2H2SO4(aq) —> FeSO4(aq) + SOx(g) + 2H20(1) 

2FeSO4(aq) + 2H2SO4(aq) —> Fez(SO4)s(aq) + SO2(g) + 2H20(1) 

(iv). Reaction with salt solutions : Iron displaces metals lower in 
the electrochemical series from their salt solutions. 

Fe(s} + CuSO4(aq) > FeSO4(aq) + Cu(s) i 4 

(у) Reaction with alkalis: Alkalis have no action on iron. 

(vi) Reaction with non-metals: Iron combines on heating with 
nitrogen, halogens, sulphur and carbon. 

Fe(s) + S(s) — FeS(s) 

2Fe(s) + 3Cb(g) — 2FeCls(s) 

15.3. STEEL Д 

Iron by itself is not very useful, but the addition of metals and 
carbon converts it to steel. Thus, steel is an alloy of iron and carbon. 
Steel is not a single alloy of iron. It includes hundres of different alloys 
that have carbon content ranging from 0.2% to 2% and the other added 
metals such as nickel, chromium and vanadium, etc. Steel may be broadly 


classified on the basis of carbon content. 
Low carbon steel : less than 0.2% of C 


Mild steel : 0.2 to 0.326 of C 
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Heat 


Medium carbon steel : 0.3 to 0.6% of C 

High carbon steel i more than 0.6% of C. 

To produce steel from pig iron, the impurities like silicon, 
phosphorus and sulphur are converted to their oxides. Later, desired 
amount of manganese and other materials which are needed to impart the 
desired characteristics to the steel, are added. Gaseous oxides remove 
themselves; other oxides are removed by combination with a base such as 
calcium oxide to form a slag. 

As usual hardness of steel also depends upon carbon content and 
heat treatment. On heating further to 1123K and then on sudden cooling 
it by plunging into cold water, it becomes harder and brittle. This 
treatment is called ‘quenching’. By reheating the quenched steel to 
carefully regulated temperature, ie, between 503K to 573K and then 
cooling, brittleness disappears and hardness is retained. This process is 
known as ‘tempering’. The heating of the steel to a temperature well 
below red heat followed by slow cooling is called ‘annealing’. The steel 
so produced is quite soft. The processes employed for the manufacture 
of steel are : 

1. The Bessemer process 2. The open hearth process 

3. The basic oxygen process 4. The electric arc process. 

1, The Bessemer Process : Pig iron is treated in the Bessemer 

converter (Fig. 15.3). It is a pear shaped steel vessel with a refractory 
lining. The refractory of lining may be either of silica (acidic Bessemer) 
or a calcined dolomite (basic Bessemer - removes phosphorus and silica 
as calcium and magnesium silicates and phosphates) depending upon the 
nature of impurities to be removed from the molten iron. The converter 
is charged with molten iron from the blast furnace, and a blast of 
preheated air is blown into the molten iron through a series of holes 
(tuyeres) provided in the bottom. The initial temperature rises to 873K. 
As a result, impurities are oxidized. These oxidized impurities are 
slagged off by lining and start floating on the surface of the molten metal 
(basic slag is used as a phosphate fertilizer). : 
у Most of the carbon is converted to carbon monoxide which burns in 
air with a blue flame (disappearance of blue flame indicates the 
completion of the operation). When the entire oxidation process is ОУ©Г, 
a calculated amount of carbon and alloying elements are added. The 
molten steel is poured into moulds or ladles. 

Generally, an acidic Bessemer converter is employed (also when 
amounts of phosphorus and silica are small). It is the usual practice to 
add some scrap iron to the converter followed by molten pig iron. The 
oxidation reaction is highly exothermic which involves a variety of 
reactions. Some of the typical reactions are given in Section 2.6.4 (Unit)2): 

2. The Open Hearth Process: This process was developed by 
William Siemens and Martin (1960). The furnace (Fig. 15.4) used for the 
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Fig. 15.3. A Bessemer converter for producing steel 
purpose works on a regenerative principle. The fire brick lining of the 
furnace can be either acidic (SiO2) or basic (calcined dolomite) 
depending upon the nature of impurities. Pig iron (or cast iron) alongwith 
scrap iron, concentrated haematite and limestone is fused. The furnace is 
heated to about 1973K by producer gas or a mixture of gases (natural gas) 
and air (over the metal). The direction of gas and air flow are reversed 


CHARGE 


LINING 
(ACIDIC OR 
BASIC) 


BRICK WORK 


Fig. 15.4. The open hearth process for producing steel. 
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periodically. This conserves much of the heat energy of the oxidation 
process and keeps the iron in the molten state for long periods of time. 
The oxidation reactions are quite similar to those taking place in the 
Bessemer converter. Conversion of iron into steel is done at Bhilai by this 
process. A steel of more exact composition is obtained by this method. 

3. The Basic Oxygen Process : This process is much in use these 
days and is an improvement over the Bessemer process. The compressed 
( — 10 atm) oxygen gas and a stream of powdered limestone are fed 
through a water cooled lance and discharged above the molten metal 
(Fig. 15.5). The purified iren being denser than the impure one, gets 
accumulated at the bottom. The process is rapid, and hence, economical. 
It requires scrap iron only in very small amounts. Most of the steel is 
produced by this method. This process is popularly known as LD process 
or Litz-Donawitz process (Litz and Donawitz are two towns in Austria 
where this process was employed for making steel) This method is 
employed at Rourkela for conversion of iron to steel. 


COMPRESSED OXYGEN 
| * POWDERED LIMESTONE 


COOLING 
WATER 


EXHAUST GAS 


Fig. 15.5 The basic oxygen process for manufacturing steel 


4. The Electric Arc Process: Today, a considerable amount of steel 
is produced by this process. It gives a high quality steel and of exact 
composition. It is not necessary to use molten iron in this process. The 
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layout of the furnace is given in Fig. 15.6. Steel scrap is charged into the 
furnace and a powerful electric current is passed through the electrodes. 
The heat generated from the electric arc melts the metal. Limestone and 
iron oxides are added at this stage which combine with the impurities 
forming slag. Slag is tapped off the metal and molten steel is poured into 
teeming ladle and finally transferred into moulds. 
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Fig. 15.6. The electric arc furnace. 


15.3.1 Alloy Steels 

Alloy steels are alloys of carbon, small percentages of usual 
impurities associated with iron and the desired amounts of other metals, 
such as, nickel, cobalt, manganese, chromium, vanadium, efc. Pure iron is 
not good for most of the purposes. Added metals produce great 
differences in the properties of iron. Thousands of alloys are known. 
Stainless steel is the most important example of alloy steel. As the name 
goes, it is not stained or corroded by air, water, dilute mineral acids or 
alkalis. Eighteen-eight stainless steel is one of the many stainless steels and 
is very common. It contains 18% chromium, 8% nickel and rest steel. India 
has got vast sources of manganese and not of nickel. Stainless steel 
containing manganese has been produced here. It finds its wide use in 
making household ware, watch cases, shaving blades, etc. Some of the 
alloy steels with their compositions, typical uses and properties are given 
in Table 15.2. 
15.4 COMPOUNDS OF IRON б : 

Iron forms two series of simple compounds, i.e., ferrous and ferric 
with +2 and +3 states respectively. Iron forms complex compounds and 
double salts. Mohrs salt, a double salt of ferrous sulphate and 
ammonium sulphate will be discussed here alongwith some other useful 
and important compounds, e.., oxides, halides, sulphides and sulphates. 
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TABLE 15.2. Some alloy steels 
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Alloy steel Composition Chief properties Uses. 
haces ВИ ЫК УШЕН Shue АЙА suit tte sv PRENNE 
1. Nickel steel Ni3.5% Hard, corrosion For cables, safes, гай, 
resistant, flexible armour plates, heavy 
machinery, propeller shafts, 
etc. 
2. Molybdenum steel Мо 1-396 Hard, heat For axles, autos, cutting 
resistant tools 
3. High speed steel W 18%, Very hard, For drill bits, cutting tools 
Cr 4%, retains temper at 
Mn 0.3% very high 
temperatures 
4. Chrome steel Cr 1.5-2% Hard, resistant For armour plates, heavy 
to corrosion crushing machinery, cutlery 
5. Tungsten steel W 14-20%, Нага even at red For high speed tools, drill 
Cr 3-8% heat, strong bits 
6. Chromium V 0.15%, Good tensile For springs, shafts axles; 
vanadium steel Cr1% strength and load frames, cog-wheels etc. 
bearing 
7. Manganese steel Mn 12-15% Very hard, For rails, safes, armour 
resistant to plates, heavy machinery, jaws 
corrosion, high of rock crusher. 
melting. 
8. Invar Ni 3696 Extremely low For clock pendulum, 
expansion on measuring tapes. 
heating 
9. Alnico А112%, Highly magnetic For making permanent 
Ni 20%, magnets 
Co 5% 
10. Stainless steel Cri155% ^ Corrosion For cycle and automobile 
resistant parts, 


15.4.1 Oxides Of Iron 

Iron forms three oxides: FeO, Fe203 and Fe3O4. We аге alredy 
familiar with these oxides. Iron (II) oxide (FeO) is obtained by thermal 
decomposition of iron (II) oxalate, ЕеС204, 

FeC204(s) ^ FeO(s) + CO(g) + CO2(g) 

The oxide is basic in nature and can be used for preparing iron (Ш) 
salts on treating with acids. 

Iron (Ш) oxide, (Fe3O4) occurs in nature as the universal 
haematite. It can be obtained by igniting Fe(OH)3 or by roasting iron 
pyrites, FeS2 in the air. It is amphoteric in nature and forms (III) salts 
with acids and ferrates (III) like NaFeOo, with alkali. Tt is red in colour 


end is used as a paint pigment, under the names ‘rouge’ and 'venetion 


Iron (ILIII) oxide (Fe3O4) is a mixed oxide, FeO, Fe205, called 
magnetic oxide of iron or loadstone. It occurs extensively in nature as the 
ore, magnetite 
15.42 Halides Of Iron 
Š Both Fe(II) Cl and Ее(Ш) Сіз are known. ‘Pale green’ crystals of 
iron (II) chloride FeClz.4H20 is produced by the action of dilute HCl, 
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followed by crystallization. The anhydrous salt is prepared by heating 
iron іп a stream of dry НСІ gas. 
Fe(s) + 2HCI(g) + FeCh(g) + Hz(g) 
It can be easily oxidized to ЕеСіз by passing Cl gas through its 
solution in water. 
2FeClo(aq) + Cb(g) ^ 2FeCls(aq) 
Ferric Chloride, FeCl3 : Anhydrous ferric chloride is prepared by 
heating iron in a stream of dry chlorine gas (Fig. 15.7). 
2Fe(s) + 3Cb(g) ——— 2FeCla(s) 


CALCIUM CHLORIDE TUBE 
TO PREVENT ENTRY OF 
DAMP AIR 


THICK IRON WIRE IN 
HARD GLASS TUBE 
CHLORINE 


IRON (Ill 
CHLORIDE CRYSTALS 


CONCENTRATED SULPHURIC 
{ACID (DRYING AGENT) 
Fig. 15.7 Preparation of iron (III) chloride. 

it readily vapourizes, and condenses in the form of dark red 
crystals. The aqueous solution of the salt is obtained by treating ferric 
hydroxide with dilute hydrochloric acid. On evaporation yellow crystals 
of FeCl3.6H20 separate. 

Anhydrous sample of FeCl3 cannot be prepared from the aqueous 
salt as it is easily hydrolyzed. It is a deliquescent solid (m.p. 575K and 
sublimes). It is soluble in water, alcohol, water and ether. Ferric chloride 
dimerzies in the vapour state (Fig. 15.8). The aqueous solution shows 
acidic behaviour to litmus. In strongly acidic solution, the [Fe(H20)s}°* 
is colourless. Aqueous solutions of Fe?* are yellow to brown in colour. 
This colour change is attributed to the presence of (FeOH)"" and 
[Fe(OH)2]*. Ferric chloride forms double salts, e.g., KCl. FeCl3.H20 
cad NH4CLFeCh.H20. Ferric chloride can be reduced to iron (II) 
chloride by the use of suitable reducing agents. 

ZnS(s) y FeCh(ag) —> ZnCh(aq) + 2FeCl(aq) 

(Reducing agent) (in HCl acid) 

FeCla(aq) + H2S(g) — 2ЕеС1 (ад) + 2HCl(ag) + S(s) 

Ferric chloride is used as a laboratory reagent. It is effectively used 
in medicines as an astringent and as an antiseptic in the form of tincture, 
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Fig. 15.8. Dimer of FeCl3. It decomposes above 973K. 


aqueous solution and iron glycerine. It is also employed as mordant in 
dyeing because it furnishes Fe(OH)3 (essential mordant) on hydrolysis. 
Its oxidizing action has been quite helpful in block making. Concentrated 
solution of FeCls is used in etching on metals such as silver and copper. 
2Fe? * (aq) + Cu(s) — Си + (aq) + 2Ее2 (aq) 
Fe * (aq) + Ag(s) — Ag* (aq) 4 Fe?* (aq) 
15.4.3 Sulphides of Iron 
Iron (П) sulphide is usually prepared by the direct combination of 
iron and sulphur. 
Fe(s) + S(s) — FeS(s) 
It can also be obtained by passing H2S gas through a solution of an 
iron (П) salt or by adding an alkali sulphide to a solution of iron (II) salt. 
FeSO4(aq) + H2S(g) > FeS(s) + HoSO«(aq) 
It is a black solid used in preparing H5S gas in the laboratory. 
FeS(s) + HoSO4(aq) > FeSO4(aq) + H2S(s) 
15.4.4 Sulphates of Iron 
Both iron (II) and iron (III) sulphates are known. 


Ferrous Sulphate, FeSO4.7H,0 : It is the most important salt of 
iron. Commercially it is known as green vitriol because of its green 


colour. It occurs in nature as copperas (seems to be formed by 
weathering reactions from iron pyrites). 


This industrially and medicinally important compound is usually 
manufactured by weathering actions (action of air and water) on iron 
pyrites at ordinary temperatures, The solution is treated with scrap iron 
to free from sulphuric acid and to reduce ferric sulphate formed during 
the course of slow reactions. On slow concentration or evaporation, 
ferrous sulphate crystals with seven water molecules are separated. 

2FeS2 + 2H20 + 702 ——35 2FeSO4 + 2Н2504 
. Та laboratory, it is prepared directly either from iron filings or 
Kipp's waste. Iron filings on reacting with dilute sulphuric acid give light 
pale green solution from which the crystals of FeSO4. 7H2O can be 


obtained. Kipp's waste, a solution of mainly ferrous sulphate with 
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solution is added and then 


unreacted sulphuric acid, is heated in the presence of scrap iron. FeSO4. 
7H20 crystallizes out on concentrating and allowing the solution to stand. 
Green monoclinic crystalline FeSQ4.7H20 (т.р. 338K) is 
isomorphous with the heptahydrates of the other transition metal 
sulphates and Epsom's salt, Мр504.7Н20. It loses water of crystallization 
in stages and finally a white anhydrous salt is obtained. On strong heating 
it decomposes to oxide. 
2FeSO4. ——— Fe203 + 802 + SOs 

On exposure to air it loses a part of water of crystallization 

(efflorescence) and outer surface assumes brown colour. 


дре2+ + Op + 2H20 — 4Fe)* + 40H~—>+ FeO(OH) 
Ferric oxyhydroxide 
ech ог) 
It is an effective reducing agent since it gets oxidzed readily to 
БеЗ" It reduces KMnO4, KoCr207 solutions, etc. 
[Fet — Fet + e x 5 Е° = —0ЛТУ 


MnO4^ + 8HE + Ses. — Мп2+ + 4H20 


MnO4~ + SFe* +8H* — 5Fe?t + Мп2+ + 4H20 


Similarly, nitrogen dioxide, NO? is reduced. The reduction product, 
NO forms a black coloured compound, [Fe(H20)5NO]SO«. The 
formation of this compound is the basis of brown ring test employed for 
the detection of NO3 — ion. 

NO2 + 2H* + 2e" > NO + НО 

[Fet — Pet (+e Tx 2 


2621 + NO2 + 2H = NO + 2Fe’* + H20 

Ferrous sulphate forms double salts with ammonium and alkali 
metal sulphates, €.8., M2504. FeSO4.6H20 ( M = K^, Rb*, Cs” and 
NHÀ). Double salt with (NH4)2504 is called Mohr's salt. | 

Ferrous sulphate is used for the manufacture of bluc-black ink, as 
mordant (as it provides Fe(OH)2 on hydrolysis), as insecticide in 
agriculture and in dyeing and tanning industries. Its double salt, Mohr’s 
salt, is used as а standard solution in the volumetric estimation of some 

ferrous sulphate is used in medicines to 


oxidizing agents. Anhydrous 5 n t 
fulfil the deficiency of iron in food. Itis employed as reducing agent in 


industries. 


Brown ring test 


To a cold solution of NO3 ion, freshly prepared ferrous sulphate 


followed by concentrated H2804 along the 
walls of test tube. H2804 forms the lower layer (denser than aqueous 
solution of FeSO4). On the junction of two layers a brown ring appears. 
Some heat is produced which is sufficient to initiate the reduction of 
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NO;  ionto NO ( forms a brown Complex with FeSO4). On stirring the 
solution, the ring disappears as a result of heat produced during mixing of 
Н2504 with aqueous solution and the whole solution becomes black. The 
following reactions take place: 

3Fe^* + NOS +4H*—~+ 3Fe° 4 NO + 2150 

FeSO4 + NO —+ Ес504. МО ог  [Fe(H20)sNOJSO4 

The brown colour, which appears to be due to charge transfer, 
evidently arises from a cationic iron nitrosyl complex ; it is therefore 
formulated as [Fe(H20)sNO}?* in which iron is in + 1 oxidation state. 

Ferrous ammonium sulphate, FeSO4.(NH4)2S04.6H20 : It is 
prepared by mixing the solutions in equimolecular proportions of each 
FeSO4.7H2O and (NH4)2S04. Оп concentrating the solution the 
bluish-green monoclinic crystals of double salt separate. 

This salt does not effloresce in air. It is quite stable and is not 
readily oxidized in open air. In solution, it gives test for all its constituents 
(Fe?*, NH* + and 50425. ions). The crystals of salt are different from 
the crystals of both (NH4)2S04 and FeSO4 .7H20. 

Its reasonable stability has made it useful for the volumetric 
estimations. Its standard solution can be prepared directly. 

Iron (III) ammonium sulphate Fe2(SO4)3.(NH4)2S04. 24H20., 
known as ferric alum, is industrially important. 


The coinage metals copper (Cu), silver (Ag) and gold (Au) belong 
to group 11 of the periodic table. They have (n-1) d! ns! outer electron 
configuration and may be classified as transition elements in that they 
kave valence electrons in two shells. Each has one electron in its 


Similarly. The elements of both the groups are good conductors of 

electricity and form a large number of univalent compounds with similar 
d formulae (Na20, Ag20; NaCl, AgCI; Na2S04, Ag5SO4), but beyond this, 

similarities between the two groups are hardly seen. 

‚Тїз is a group of weak electropositive metals. Gold is highly 

inactive, and inert resembling the platinum metals in many respects. 


Copper mixed with tin produced bronze, the first synthetic alloy, which 
was culturally so important to the development of ancient civilization that 


TABLE : 15.3 Physical properties of the coinage metals 


Properties Cu Ag Au 
Atomic number 29 47 79 
Atomic radius (рт) 117 135 134 
Ionic radius;M * (pm)93 121 137 
Density (gem ^) 89 10.5 19.3 
lonization potential 745 731 889 
(kJ mol ? ) Ist 

2nd 1959 2123 1939 

3rd 3551 3830 2943 
Melting point(K) 1356 1234 1336 
Boiling point(K) 2868 2483 3243 
Stable oxidation states +1,+2 +1 +3 
Abundance in earth's 70 0.1 0.005 
crust (ppm) 


ч АВИ E A cs Ee 
archaeologists have designated a period of prehistory as the “Bronze 
Age’. 

Because of their traditional use for coins, earlier they were called 
coinage metals. They have become too valuable to be used extensively in 
modern coins. Except for special commemorative coins, gold and silver 
coins are nó longer in current use. Silver is now used primarily in 
photography and for jewellery purposes. Copper is mainly used for 
transporting electricity and for some other purposes where its inertness is 
required. 

Gold, the most glamorous metal of all, is an excellent conductor of 
electricity and thus finds use as electrical contacts in miniature circuits. 
Gold is, in most people’s mind, the only metal with true inherent value. 
15.5.1 OCCURRENCE AND EXTRACTION 

Copper 

Copper, in limited quantities, is found ‘native’ in a few places. The 
chief ores are copper pyrites, CuFeS2 and copper glance, CuS (or CuS). 

Other natural sources of copper cuprite, СиО; metaconite, CuO; 
green malachite, CuCO3.Cu(OH)2; and blue azurite, 2CuCO3.Cu(OH)o. 

Copper is found in traces in plants found in the regions where there 
are copper ores. Brightly coloured: feathers of certain birds have copper 
in trace amounts. It is also found in the blood of certain marine animals 
such as lobsters, oysters and cuttle fish, where it functions as oxygen - 
carrier. 

Copper deposits are found in India at Singhbhum (Bihar), Khetri 
(Rajasthan) and Karnataka. It is also found at various places along the 
outer Himalayas - Kuch, Garhwal and Sikkim, Malachite and Cuprite 
ores are found in Mosaboni area. 
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Extraction of copper from its ores depends upon the nature of the 
ore. 

To extract copper from purified cuprite, the ore is strongly heated 
with coke. 

Cu,0(s) + C(s) —-> 2Cu(s) +. CO(g) 

Carbonates decompose on Strong heating to give copper oxide, 
The oxide is then reduced to metallic copper on heating with coke 

CuCOs(s) — —— Си0(5) + CO2(g) 

2Cu(OH)2(s) 2CuO(s) + 2H20(g) 

:CuO(s) + C(s) Cu(s) + CO(g) 

In the extraction of copper from copper pyrites, the ore is crushed 
and concentrated by froth flotation. The ore is then roasted in air to form 
copper (I) sulphide, iron (П) oxide and sulphur dioxide. 

2CuFeS2(s) + 402(g) — Си (s) + 2FeO(s) + 3SO»(g) 

Also, part of the CuS is converted to the oxide. 

2Cu,S(s) + 302(g) — ——. 2Cu,0(s) + 2805(g) 

The roasted ore is then heated with sand and coke in a blast 
furnace (Fig. 15.9). Iron (П) oxide combines with sand to form 
molten slag which floats on the molten copper (I) sulphide and can be 
collected separately. 


FeO + SiO; FeSiO4 
Iron Silicate (slag) 
CHARGING 
BASE 
CHARGING 
PIPE 
WASTE 
GASES OUTLET 


Bessemer converter coated inside with SiO; (Fig. 15.10). Compressed 
air alongwith sand is blown through the matte until the whole of sulphur is 
converted to sulphur dioxide. When iron is completely slagged off, 
cuprous sulphide reacts with cuprous oxide to form copper. This process 
is known as Bessemerization. 

2CujO(s) + 2508) 


2Cu5s (I) + 30 (8) 
Cu,S(1) + 2Cu,0(s) 6Cu(1) + SO, (g) 


BESSEMER 
CONVERTER 


PAIR OF 
TRUNIONS 


Vii 


TUYERES 


Fig. 15.10. Bessemerization of copper 


The molten mass is transferred into sand moulds where it gets 
solidified. It contains 98% copper and is popularly known as blister 
copper because it releases bubbles of SO2 as it solidifies, and, therefore, 
gets a rather blistered appearance. Impure blister copper is further 
purified electrolytically (Unit 2) 

SILVER 

Silver is sometimes found in large nuggets. Its chief ore are 

argentite (silver glance), AgS; horn silver, AgCl; and pyrargyrite (ruby 
silver) AgS. 5,53 The silver content in these ores is small (about 1%). 
It is often found alloyed with gold, copper or mercury. Its sulphides ore 
usually occurs alongwith the sulphides of lead, copper, nickel, arsenic and 
antimony. , 
Most of the silver produced comes as a byproduct of the extraction 
of base metals, chiefly lead and copper, but also zinc, nickel and tin. 
Silver is also produced to a small extent from the gold ores in the Kolar 
gold fields in Karnataka and in the Anantpur mines. India does not have 
silver ores. 

Powdered ores of silver are treated with dilute sodium cyanide 
solution (0.5%) for several hours in the presence of air. A soluble and 
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stable complex of silver with cyanide ions is obtained. Sodium and 
potassium cyanides are highly poisonous and must be handled carefully. 

2AgS + 8СМ + О, +290 4[Ag(CN)]]- + OH +28 

The silver is precipitated from the soluble cyanide complex by 
adding zinc metal or aluminium. 

[2Ag(CN)I = (aq) + Zn(s) 2Ag(s) + [Zn(CN);]^ (aq) 

Plenty of silver is obtained from the anode mud formed during the 
electrolytic refining of copper (Unit 2). Silver can be obtained from ores 
containing free silver chloride by amalgamation process. Powdered ore is 
mixed thoroughly with mercury. Mercury dissolves the free silver and 
reduces the silver chloride to the metal, which also dissolves in excess of 
mercury. 

The amalgam is separated and distilled in iron retorts. The mercury 
vapours are condensed and used again, whereas the silver remains in the 
retort. Electrolysis of silver nitrate solution gives pure silver. 

GOLD 

Gold is found mainly as the metal, occasionally in nuggets scattered 

through gravel but more frequently as small particles in veins of quartz or 
alluvial sands of rivers that pass over auriferrous rocks. Native gold 
always contains silver and some platinum metals (Ru, Rh, Pd, Os, Ir and 
Pt). It is found associated with sulphides of iron, copper, lead, antimony _ 
and arsenic. It has also been found alloyed with silver. In the combined 
state, gold is found in a few minerals such as the telluride, AuTe, 
sulphide and arsenosulphide. A major share of gold production all over 
the world is from the mines in South Africa. USSR, USA, Canada and 
Australia also occupy the position amongst the gold producing countries. 
India occupies the eighth position. Its contribution is about 2% of the 
world production. Our major ( ~ 99.97 % ) production is from the Kolar 
mines in Karnataka. Alluvial gold is found scattered in Chhota Nagpur. 
Gold washing is mostly done in Singhbhum and Manubhum (Bihar) in the 
valleys of the Suvernareka river. 
Native gold is separated from the dirt by washing with water and 
then dissolving in liquid mercury with subsequent distillation. Mercury 
distills over leaving behind the gold. Now-a-days powerful streams of 
water are thrown against the deposits, which are washed into the sluices 
(long troughs). This Process is called hydraulic mining. 

. The cyanide process for gold is similar to that used for obtaining 
silver from the ores; in fact two metals are usually extracted together. 
Gold ore is first concentrated by froth flotation process and then roasted 
to remove all the oxidisible impurities, e.g., Te, As, and S. The roasted 
оге 1s ground to a fine slime in sodium cyanide solution and aerated by 
agitation for two days, 

4Au + 8CN^ +290 +05, 4[Au(CN)] " + 40H 
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Gold is recovered from the solution by displacement reaction vsing 
zinc. 

Zn + 2[Au(CND] ——*2Au + [Zn(CN)4b 

This process is called Mac - Arthur Forest Cyanide process. Gold 
obtained by any of the processes is impure and is found mixed with metals 
like Ag, Cu, Pb and Zn. The refining or parting of the impure gold is 
accomplished by boiling impure gold with conc, Н,504. Silver, copper 
and other metals react with H,SO4 forming soluble salts while gold 
remains unaffected. Nitric acid can also be used for the parting process. 
At times, electrolysis method is also employed by using an acidified 
solution of gold (III) chloride, AuCB. 
15.5.2 Properties of Copper, Silver and Gold Р 

Copper is а reddish brown metal; silver is a white metal; and gold is 
a yellow soft metal. Copper, silver and gold are heavy, lustrous, 
malleable, ductile and good conductors of heat and electricity. The 
polished surface of silver serves as a very good reflector of light. They, 
together with platinum metals, are known as noble metals because they 
are among the chemically most inert metals. They lie below hydrogen in 
the electrochemical series, and hence, are not capable of displacing 
hydrogen from acids, water or alkalis. 


Cut 42e" —> Cu P= +0384 V 
Ар? +e. —9 Ag Е = + 080V 
Aut + en аы y FAY Еа. + 17 V 


Their reactivity follows the order: Cu > Ag > Au 

1. Action of air : Silver and gold are not affected by air; in moist 
air, a thin brown layer of oxide or sulphide deposits. On prolong 
weathering, copper gets covered with a green layer of basic carbonate, 
Cu,(OH),CO; (verdigris). On heating in air, copper oxidizes to CuO 
alongwith some CuO at higher temperature. 


Below 1400 
Prater ше Өен ы le es 2CuO 


K 
4Cu + O5 _ Above 1400 Ky ы, 2Cu;0 


2. Action of water: Silver and gold do not react with water. Steam 
is decomposed by copper at white heat temperature. 

2Cu + H20— Cu20 + H2(g) 

3. Action of halogens: F2, Cb and Вг? form dihalides with copper 
and iodine gives Cul. Both Ag and Au combine with chlorine on heating 
and produce AgCl and AuCl. On careful heating AuCl3 decomposes to 
AuCl. Other halogens also react with both Ag and Au. 

4. Action of acids: Non-oxidizing hydrohalic (HX; X - Cl, Br, I) 
and dilute sulphuric acids do not react with these metals. They react with 
copper only in the presence of oxygen (Ag and Au do not react). 
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2Cu + 2Н2504 + Op iu 2CuSO4 + 2H20 
2Cu + 4HCI + O2 —— 2CuChk + 2НәО 


Nitric acid (dilute and concentrated) reacts with silver and copper 
3Cu + 8H* + 2NO; ——. 3Cu* 4 2NO(g) + 4H20 


(dilute acid) 
Cu FAH" +2NO;° | * apt, 2NO»(g) + 2H20 
(conc. acid) 
3Ag + 4H* +NOZ __, 3Ag' + NO(g) + 2H20 
(dilute acid) 
Ag + 2H* +NO; >, Ар” + NO»(g) + НО 
(сопс. acid) i 
` Hot concentrated sulphuric acid reacts with Cu and Ag with 
evolution of 803 gas. 


CU SO, HAH? a =. ptu SO»2(g) + 2H20 

2Ag + SOZ- + 4H* — —., 2Ар + SO2(g) + 2H20 

Concentrated HCl reacts with CuCl and AgCI in the presence of 
Some oxidizing agents, 

Cub -2HCd ____, Ho[CuCL;] 


(Yellow complex) 
Gold is a very inactive metal. The metal is not attacked by any 


Yellow hydrate H[AuCL].4H20 has been isolated, 

5. Action of alkalis; These metals are not attacked by alkalis. 

6.. Action of hydrogen ‘sulphide z Gold is not affected by H2S gas. 
Pure H2S (a weak acid) reacts with Cu and Ag forming sulphides. Silver 
is not attacked by oxygen of the air. Air containing H5S or food materials 
containing sulphur tarnish the surface of copper and silver. This 
tarnishing is not the result of a simple reaction between metal and Н25. 
Metals could not reduce H* ions since they are much below hydrogen in 
the electrochemical series 

7. Action or ammonia : Aqueous ammonia, in the presence of 
air, dissolves copper. A blue solution containing [Cu(NH3)4]?* is 
produced. 

2Cu + 8NH3 + 2H20 + Oz + 2[Cu(NH3)4P * + 40H > 

Both silver and gold do not show any reaction towards ammonia. 
Copper on heating with NH3 produces interstitial compound, Cu3N. 


8. Action of ozone: Ozone tarnishes Copper and silver surfaces. 
Gold remains unaf! fected, 


Cu + Оз int... CUO + Oi 
2Ag + Оз ee ASO P O 
Ag)O + Оз —, 2Ag + 205 
(black) 
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9. Displacement Reactions: These reactions depend upon the 
position of metals in the electrochemical series. According to their 
position copper is the most electropositive and gold is the least. 
electropositive. Hence, copper can displace both silver and gold from 
their salt solutions. Silver can displace gold from its salt solutions. 

Cu + 2AgNO; ———› Cu(NO3)2 + 2Ag 

Some typical reactions of copper and Cu + ions are summarized in 


Fig. 15.11. Cul(s) * 5 L 
+: СиОн)г(в) $e (Cu(NHs)<I?* 
w oF М№Нз(за) ; 
Сосо, (s) „_ COS 
pasic OH™ 
ъа cu ——————> Cu(0H)2(s) 


HNOs 
Cur + SO, 
he H,SO, | DILUTE 
CuCl), ^C, Соп [ACID 
+ AIR | Cu* 


S So Cu MOIST AIR 
CuS(s) aGuS oY | (Do CO, Cu (OH,) (Verdigris) 


СиО . CuCl, CuBr, Cui 


26 / HALOGEN 


CuO CuFa, CuCle, CuBr 24 
Fig. 15.11. Some typical reactions of copper and Си ions. 


15.5.3 Uses of Copper, Silver and Gold y 
Copper : Copper finds many uses which are listed below: — 
Stability (inertness) of copper in air and water together with its 
conducting characteristics could make possible to employ it for various 
purposes, e.g., (i) since copper is a good conductor of electricity, it is 
used for manufacturing electrical instruments, goods transmission wires, 
cables, ctc., (ii) the high thermal conductivity of copper leads to its use in 
making vacuum pans, heating utensils, steam engine boilers, calorimeters 
and conducting coils, fire boxes of locomotive engines, pipes and 
adiators used in central heating systems, etc., (iii) the resistance to 
corrosion makes copper useful for water pipes, (iv) in making coins, (v) in 
the electrotyping for the printing of books, (vi) in copperplating of some 
metallic goods, (vii) for producing various alloys (Table 15.4), (viii) 
several compounds of coppe: are used in agriculture as insecticides. 
Bordeax mixture (copper st!phate mixed with slaked lime) is a well 
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known spray for fruit trees (fungicide). Another insecticide, Paris green _ 
(copper arsenite, Cu3(AsO3)2 + copper acetate) is also employed for — 
the purpose. | 

Silver: Silver is used:(i) for preparing jewellery, table wares, і 
coins, mirrors and occasionally electric wires. (ii) for preparing silver salts 
which are used in silver plating of certain metallic wares. (iii) in 
producing its salts, e.g., halides and nitrates. (iv) in photochromic glass 
(darkens on exposing to light and shines in darkness). (v) used for 
electrical conductors and contact points as it does not get oxidized on 
being heated in air. (vi) for producing various alloys (Fig. 15.4); silver 
amalgams in filling teeth; used in parts of rockets and missiles and in 
electronic devices. (vii) for medicinal purposes. (viii) for preparing silver 
nitrate. It is used in the Preparation of light sensitive photographic 
emulsions. It is an essential laboratory reagent. 

Gold : Gold is used : (i) in jewellery, dental fillings and coins (gold 
coins are no longer in wide circulation). The purity of gold is expressed 
in carat. 24-carat gold is 100% pure, Jewellery is made out of 22-carat 
gold (22 parts of gold and 2 parts of copper or silver). (ii) for covering 
temple domes because it is very inert to weathering processes. (iii) in the 
form of colloidal gold (purple of Cassius) to make red stained glass or 
porcelain. (iv) as suspensions in galvanometers (gold is good conductor of 
electricity and can be drawn into an extremely fine wire). (v) in gold 
plating the base metals, (vi) for providing electrical contact in computers. 
(vii) in electronic and space applications. (viii) for producing gold alloys. 


TABLE 15.4 Alloys of copper and silver 
Name Composition Uses 
Brass Cu 70%, Zn 30%; Cartridge caps, ship fittings, utensils, 
Cu 60%, Zn 40% condenser tubes, sheets eic. 


Bronze Cu 70-9595, Zn 1-25%, Fittings, statues, coins and contro! valves. 
a Sn 5-10% 
Шш Cu 90%, A110% Golden yellow colour - used for paints, 
cheap jewellery а ins. 
Bell metal Cu 8096, Sn 20% Bella eias ad me 
Monel metar Ni 60%, Cu 33%, Marine shafts, vats for chemicals and 
Fe 7% foods, acid pumps, vessels for carrying out 
reactions eic. 
pentes EM от 48%, Spring wires, suspension filaments for 
г . | electrical instruments. 
German silver Су 25-50%, Ni 10-35%, Wares, resistance wire and coils. 
А; 7п 25-35%, 
Nickel coin Cu 75%, Ni 25% Coin: 
Silver Sterling Ар 92.5%, Cu 7.5% , rie wai jewelle 
Silver coin Ag 90%, Cu 10% Coins, wares и 
Gold 18-Carat Ли 75%, Cu 5.1596, Jewelle 
Gold 12-Ca Rere : 
-Carat Aus0% , Cu 35%, 1 
beri ewellery 


ee LS enses om 


746 


156 COMPOUNDS. OF COPPER, SILVER AND GOLD 

All the three metals exhibit an oxidation state of +1 in their 
compounds. These compounds аге largely ionic. The stable and principal 
oxidation states of Cu, Ag and Au are +2, +1 and +3 respectively. The 
high ionization potential energies impart considerable covalent character 
in the compounds of this group. With gold, the Аи? * is not formed but 
this state is possible in the complexes. 


15.6.1 Oxides 
Monoxides ; Monoxides of the general formula M2O have been 


well characterized. They can be ‘precipitated by treating their salt 
solutions with caustic alkali. 

2CuCl(s) + 20H (aq) —> Cu20(s) + 2С! (ад) + H20(1) 

It becomes increasingly difficult form Cu — Ag — Au to obtain 
them free from water. Anhydrous copper (I) oxide is obtained from 
aqueous solution whereas gold (1) oxide is precipitated as a hydrate and 
any attempt to dehydrate this lead to decomposition with loss of oxygen. 

СО is a reddish brown solid; Ag,O is a dark brown amorphous 
solid. Silver (I) oxide can also be formed when silver is exposed to ozone 
or when finely divided silver is heated in oxygen under pressure. Both 
CujO and Ag,O are slightly soluble in water giving alkaline solution. 
Ag,O gives a more basic solution. The thermal stability of the monoxides 
decreases from СиО to Am0. 

; 2AgO ——+ 4Ag+ O 

Dioxides : In the divalent state, copper (II) oxide is well 
characterized, silver (II) oxide is less well characterized and Au (II) oxide 
is known. Copper (Ш) oxide is a black insoluble compound. It can be 
obtained either by direct oxidation of the metal or by heating the 
hydroxide, nitrate or carbonate. 


Heat 
2Cu(s) + Oxg) ——— 2CuO 


t 
CuCOs(s) => СаО) + Сод) 
It is weakly basic in nature. It decomposes to СиО and oxygen at 
1173K. 
4CuO —> 2Cu20 + O2 
Because of this type of reduction to +1,hot copper (II) oxide is a 
good oxidizing agent. It oxidizes carbon to carbon dioxide. 
Cuo +C — Cut co 
СО + СО —> Cu + CO? 
This reaction is used to estimate the percentage of carbon in the 
organic compounds. Carbon dioxide produced is absorbed in sodium 
hydroxide, and the gain in mass of the sodium hydroxide is correlated 


with the carbon content of the compound. 
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15.52 Sulphides 


Sulphides in the +1 oxidation state are more stable than +2 state. 
Copper sulphide, CuS and Silver (D) sulphide, AgS, are precipitated as 
black solid when HS is passed through their aqueous salt solutions in the 
presence of acid. Gold (1) sulphide is well characterized. In this 
compound, Au* is the most stable. It is formed by passing H2S gas 
through an acidified solution of potassium aurocyanide solution, 
K[Au(CN)4]. It is a brown solid, insoluble in water and not attacked by 
mineral acid. AupS3 is also obtained when HoS is passed through cold 
solutions of AuCls in dry ether. Au2S3 is readily reduced to Au* or the 
metal on addition of water. 


Copper (II) sulphide readily dissolves in warm dilute nitric acid with 
the formation of sulphur and nitric oxide. 
3Cu S(s) +8Н * (aq) +2NO3 —> 3Cu?+ (aq) + 3S(s) + 2NO(g)+4H20 
It also dissolves partially in solutions of alkali sulphides. On strong 
heating Cu(II) sulphide decomposes. 


y 2CuS -—— CuS +S 
15.63 Halides 


Table 15.5 includes the known halides of Cu, Ag and Au. 


TABLE 15.5 E'alides of Cu, Ag and Au 
Oxidation state — Flourides Chlorides- 


Bromides Iodides 
eS ee ii; 1 odides > 
+5 AuFs "m = mA 
+3 AuF3 AuCls (red) AuBr3 Ашз 
(orange (red brown) 
yellow) 
T2 CuF2 CuCl CuBr (Black) (Cul?) 
(white) (yellow brown) 
AgF2 T i 5 
(brown) 
+1 = CuCl (white) Cu Br (white) Cul (white) 
AgF AgCI (white) AgBr Agl (yellow) 
(yellow) (pale yellow) 
AuCl (yellow) (AuBr) Aul (yellow) 


Monohalides : Copper (I) chloride 
the reduction of Cu?* by reagents such 
turnings), 502 or ЅаС in the presence of su 
iodide is obtained by reducing Cu? + 


and biomide are prepared by 
as metallic copper (copper 
itable halogen hydracid. The 
with iodide ion alone. 


Cu?* (aq) + 2Cl (aq) + Cu(s) > 2сысі (s) 


it soon gets oxidized to CuCl, Copper (1) 
l forming the complex ion. 
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нс! 
CuCl + Cl — — A fe oy 
H 

On adding water, Cu(I)Cl reprecipitates. It is used in combination 
with МНАСІ as a catalyst in the manufacture of synthetic rubber. 

All the four silver (I) halides are known. They are all covalent in 
nature. All of them can be prepared directly from the elements but it is 
more convenient to prepare AgF by dissolving Ар›О in hydroflouric acid 
and evaporating the solution until the crystals appear. They can also be 
prepared by adding Х to the solution of AgNO3 or other Ар * salts, 
when АрХ is precipitated. They are sensitive to light. Silver bromide is 
used in photography. 

Halides of silver exhibit a serics of family trends, both in solubility 
and in colour. The solubility decreases regularly with increasing 
molecular mass (AgI is insoluble). The colour intensity increases from 
AgF to Agl. 

AgF AgCl AgBr Agl 
(colourless) (greyish) (canary or pale yellow) (yellow) 

The colour of silver halides and their solubility in ammonium 
hydroxide (or in aqueous ammonia make the basis of their detection in 
qualitative analysis. AgCI is soluble in aqueous ammonia due to complex 
formation. 

AgCl(s) + 2NHs (aq) [Ag(NH3)2] Cl (aq) 

Diammine silver chloride 

The precipitate reappears on adding dilute HNO3. Silver bromide 
is sparingly soluble in aqueous ammonia whereas silver iodide is 
insoluble. 

Gold, like copper, forms three monohalides. AuF is unknown. 
Disproportionation occurs in water to Аш’ and metallic gold for the 
chloride and bromide. Aul is stable in water and resembles Cul in this 
respect. Both AuCl and AuBr are obtained by heating the trihalides to 
423K and Aul by heating the metal and iodine. 

Dihalides : All the divalent copper halides are known. They are 
covalent in character. Except Сш2, all are stable and can be obtained by 
heating the finely divided copper metal in the atmosphere of dry 
halogens. Both chloride and bromide are very soluble in water and 
various hydrates and complexes can be obtained in crystal forms. Their 
solutions are obtained by dissolving metal ог Cu(OH)2 in corresponding 
hydrohalic acids. The colour of concentrated solution of СиСЪ is dark 
brown which changes on diluting with water to green and finally to blue. 

Blue crystals of CuFz. 2920, (a dihydrate of CuF2) is obtained by 
dissolving CuCOs or CuO in 40% HF. 
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Cul, has not been isolated. Iodide ions reduce Си + to Cul * . In 
fact Cu(II)D disproportionates, one of iodide ions being oxidized at the 
expense of the copper, which is reduced. 

2Cub э 2Cul + h 

Silver (II) halides are unknown except AgF2 which may be obtained 

by flourination of silver or silver salts. 


All the four halides of Av!!! are known, the stability decreasing 
from AuF3 to Ашз. Both chloride and bromide are obtained by direct 
combination of the metal (gold leaves or finely divided gold) and dry 
halogens at about 573K. They exist as dimer (Au2Xe, X = Cl, Br) in the 
solid as well as in the vapour phase. Both decompose to halogen and gold 

. (I) halide. 
Heat 
PRX ИЕ AU c X? (K=Cl, Br) 


AuF3 is obtained by the flourination of gold with BrF3. The iodide 
may be obtained by the reaction between K[AuCl] and conc. KI solution. 


15.64 Copper Sulphate, CuSO4.5H20 


.... The sulphate is the most common and important of all the copper 
salts. : 

It is prepared industrially either by blowing a stream of air through 
scrap copper and dilute sulphuric acid or by oxidizing sulphide directly to 
sulphate. Sometimes sulphide is first roasted to oxide which may later be 
converted to sulphate with sulphuric acid. 

2Cu + 292504 + O2 ——— 2CuSO4 + 2H30 

On recrystallization from aqueous solution, the blue pentahydrate, 
CuSO4.5H2O (anhydrous salt is colourless) known as blue vitriol 
(commercial name), is formed. 

Properties : The four waters of crystallization of the pentahydrate 
sulphate are coordinated square planarly to the central copper cation and 
the fifth water molecule is held by hydrogen bonds between a sulphate ion 
and a coordinated water molecule. (Fig. 15.12). The blue crystalline 


pentahydrate on heating loses water in stages and finally anhydrous salt 
decomposes on strong heating. 


305K 
CuSO4.5H20 USURIS JOE SIND di 
804. 
(Blue) Desiccator (Pale tose? 


373K 
CuSO4.3H20 = C 
CuSO4.H20 
(Pale blue) (Bluish white) 


CuSO,Hj0 _303K-523K, 

(Bluish white) (Whee) 

CuSO, Strong heat 

(White ) "uspk 7 OU * S06) 
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Fig. 15.12. Structure of CuSO4 5Н20 OR [ Cu (H20)4]$O4. H20 


The last water molecule (attached to the SO?; ion) is difficult to 
remove as it is deeply embedded in the crystal lattice. The anhydrous 
salt, CuSO4, gets back its blue colour when treated with water. Thus, 
dehydration of copper sulphate is a reversible process. This property is 
employed to ascertain the presence of moisture. 


CuSO4 + 5H20 2 Cus04.5H20 


Aqueous solution of copper sulphate shows acidic properties due 


to hydrolysis. 
[Cu (H20) 4* + H20 == [Cu(H20)50H]* + H30* 


or  Cw* + 2Hj0 ==> [CuOH]* + H30* 


[Cu(H20)4]?* ions impart blue colour to the aqueous solution. 
Colour, however, depends on the nature of ligands. The colour changes 
to dark blue colour when water molecules are substituted by] NH3. Thus, 
dark blue colour of the solution is due to [Cu(NH3)4]°* ions or 
[Cu(NH3)4]SO4. X НО. It also forms double salts with alkali metal 
sulphate and ammonium sulphate, e.g., CuSO4. (NH4)2 SO4.6H20 and 
К2504. CuSO4. 6H20. 

It reacts with iodides with fiberatton of iodine quantitatively. This 
reaction is the basis of iodometric estimation of Си“ ^ ions. 


CuSO4 +  2KI —— Сш + K2S04 
ELS (Unstable) 


2200 ә 2Cul qe do 
(White ppt.) 
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Uses: Copper sulphate is used: (i) in electroplating, in calico- ^ 
printing, in dyeing, in electrotyping, in the electrolytic refining of copper, — 
in the manufacture of pigments, as a mordant in the textile industry, in the | 
Daniel cell and to prevent the growth of weeds in reservoirs and 
swimming pools. (ii) as a fungicide and germicide (Bordeaux mixture), | 
Bordeaux mixture, a well known spray for fruit trees and potatos crop, is 
a mixture of copper sulphate and slaked lime.(iii) as a starting material 
for other compounds of copper, (iv) in the form of anhydrous salt to 
detect water in liquids such as alcohol, ether, etc. Anhydrous salt is used 
as a dehydrating agent. 

15.6.5 Silver Nitrate, AgNO3 

Silver nitrate, known as lunar caustic, is one of the most important 
soluble salts of silver. It is generally obtained by dissolving silver metal in 
nitric acid. On concentrating the solution, crystals of AgNO3 are 
deposited. It is obtained as an important by-product in the refining of 
gold by ‘Parting process’. For refining purposes impure gold is heated 
with nitric acid; silver and other impurities (е.2., copper) associated with 
the gold dissolve leaving behind gold ( in a finely divided state) 

"unaffected. Gold powder, thus obtained is melted to get buttons of gold 
(commercial name ‘vitur’). On concentrating and cooling the solution, 
crystals of impure AgNO3 are obtained. By taking advantage of thermal 
instability of Cu(NO3)2 (controlled heating), pure sample of AgNO3 Б 
produced. Impure sample is heated carefully when Cu(NO3)2 
decomposes, producing CuO. The residual mass on dissolving gives à? 
aqueous solution of AgNO3. CuO gets separated as insoluble mass. 
From the solution, pure plates (m.p. 495K) of AgNO3 are obtained. у 

Silver nitrate is not very stable and decomposes even on low heating 
(susceptible to decomposition by light). 


Low heat 
2AgNO3 _ ——————> AgNO. + 0 
Strong Һеайп 
2AgNOs ES 2Ag + 2NO2 + O2 
above 1000K 


Organic compounds such as formaldehyde or sodium potassium 
tartarate readily reduce alkaline solution of silver nitrate to give free 
silver, and thus, producing a black stain called ‘silver mirror’ Skin 
becomes black in the contact of AgNO3 as it gets reduced. Many of the | 
compounds of Ag(I) arc insoluble in water and are coloured: AgNO3 i 


the only simple and highl i i i i 
the oi 1 ү у soluble sil $ se ^ many 
ions in qualitative analysis, tee 


Uses : Much of si 
photographic materials, 
other silver compounds. 
nature. It is used in the 


Iver nitrate is used in the preparation of 
as a laboratory reagent and in the manufacture 0 

Its use as a caustic depends upons its oxidizing 
dentistry to fill ‘tooth cavities. In the contact 0 
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teeth, it is readily reduced to a black layer of free silver which forms a 
good junction between tooth enamel and the metallic filling. Its dilute 
solution is used to cauterise wounds, as an antiseptic for the eyes and for 
throat infections. It is widely used in silvering of mirrors, as marking ink 
for clothes, in hair dyes and in silver plating baths as an electrolyte. It is 
used in qualitative analysis for detecting anions and cations - and in the 
volumetric estimation (precipitation titrations) of halides and cyanides. 
15.7 PHOTOGRAPHY 

The process of producing pictures by using light images is called 
‘photography’. A photograph is the permanent record of images formed 
on a light sensitive surface. 

Photochemical decomposition of silver halides, particularly silver 
bromide, is the basis of photographic process. 

2AgBr —> 2Ag + Br 

It involves the following essential steps. 

1. The Photographic Films: Photographic films made of cellulose 
acetate are coated uniformly with a colloidal suspension of small, silver 
bromide crystals in gelatin. The size of the silver halide particles and the 
relative amounts of silver bromide and iodide used determine the 
sensitivity or ‘speed’ of the film. 

2. Exposure: The camera loaded with a film is operated, when the 
shutter of the camera opens for a moment. This step is called exposure of 
the film. During exposure, the image of the object falls upon the light 
sensitive photgraphic emulsion on the film. The silver halide crystals 
become ‘activated’ when exposed to light (frem the lighted areas of the 
object) and undergo photochemical de.omposition (reduction) 
producing silver atoms. This process is calleu photosensitization 
Exposure causes no visible change in the appearance of the film. 

3. Developing: After exposure, the camera is unloaded and the 
film is developed-in the dark by placing it in a developer which acts as a 
reducing agent. The developer used for the purpose is an alkaline 
solution of quinol (hydroxyquinone) or pyrogallol. The reducing agents 
penetrate the gelatin and reduce the sensitized grains of silver halide with 
a speed proportional to the intensity of the illumination during exposure 
and reduce them to metallic € PE TUAR 

AgX + е (reducing agent) = 

During HE the exposed parts of the film become — QE 
unexposed region of the film still continue to be photosensitive, and thus, 
to avoid the blackening of the film completely, the developing is done in 


the dark. : AME 
4. Fixing: After developing, the film is fixed by dipping it into 


sodium thiosulphate (hypo) solution which dissolves the unreacted silver 
hali m 
pur 4 28,07 E {Ag(S:04),}° AX 
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This process is also done in dark. The film is now washed with 
water and left to get dry. Now the film is ready for taking in daylight. The 
metallic silver remaining on the film forms the visible image and is called 
a ‘negative’, since the bright part of the object are now dark and the dark 
part of the object are now light. 

5. Printing: The process of printing is the same as that of making a 
negative. Now the light is allowed to fall on the sensitive photographic 
paper (contains AgBr) through the negative. The image is now reversed 
and dark regions on the negative subsequently become the light regions 
on the printing paper and vice-versa. The print is now developed and 
fixed in a way employed for making negative. 

158 ZINC AND MERCURY 

Zinc (Zn), cadmium (Cd) and mercury (Hg) belong to group 12 of 
the periodic table. These metals have (n-1)d 452 outer electron 
configuration. With their electronic configurations it is not justified to 
classify them as transition elements because the completely filled d orbital 
is not involved in bonding. These metals resemble copper, silver and gold 
in having completely filled d orbitals in the penultimate shell but are 
comparatively more active. In their compounds 4-2 oxidation state is very 
common which is formed by loosing ns? electrons. The existence of +1 
oxidation state has been well characterized in the case of mercury but it 
does not exist with either zinc or cadmium. Despite the stability of inner 
d` core, complexes with 4-coordinate and 6-coordinate numbers are 
very common. 

Unlike transition metals, zinc and cadmium have much in common 
(occur together in nature and their chemistry is almost identical). These 


Reactivity decreases down the group, ie, Zn > Cd > Hg 


(electrode potential values). It is interesting to note that although Zn and 
Cd displace hydrogen from acid but mer 


2. It forms amalgams. 


3. Its ionization potential is со i don 
Ene 8 c р mparable with that of radon, 
indicating the inert behaviour of s electrons in valence shell. 
à pper, zinc has been known since early times. There are 
evidences which establish that ancient man used cooking untensils and 
many other articles made of an alloy of zinc and copper. 


Bo Mercury has also been known to the ancients. Aristotle referred 
metal as "liquid silver o 


T "quick silver’ because of its appearance and 
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TABLE: 15.6 Physical properties of the elements. 


noo ques SA ДЫШ ААЙ АУ ымга ҮЧ. SESE 
Atomic number 30 48 80 
Atomic radius ) 125 141 144 
Ionic radius,M " (pm) 74 97 110 
Density (gm cm ^ ) 74 8.6 13.6 
Ionization potential (kJ mot!) Ist 906 876 1007 
2nd 1733 1631 1810 
Melting point (K) 693 593 235 
Boiling point (K) 1180 1040 630 
Еіесууіса! potential E°(V) —0.76 —040 +0.80 
Mtt —м 
Oxidation states +2 +2 +1, +2 
Abundance in earth's 132 0.15 05 
crust (ppm) 


crust (Ppm) — ____ у —— 
liquid state. Its name originated, because of its mobility, after the 
messenger of the gods in Roman mythology. Its symbol, Hg is derived 
from hydrargyrum (Latin word means liquid silver). The alchemists 
made use of mercury in their effort to convert base metals to gold, 
assuming that it had distinct powers due to its liquid nature. From its 
ores, gold has been extracted. 

15.8.1 Occurrence and Extraction 

Zinc; Zinc is not found in free state in nature. The important ores 
of zinc are: zinc blende, ZnS; calamine, ZnCOs; and zincite, ZnO. In 
India, zinc is mined chiefly as zinc blende from Zawar mines located near 
Udaipur (Rajasthan). 

1. Sulphide ore is first concentrated by froth flotation process and 
is then roasted at 1175K to form the oxide and sulphur dioxide. Here, 
some zinc sulphate is also obtained which decomposes at the reaction 
temperature to give the oxide. Zinc is reduced by coke and being a 
volatile metal, zinc can be distilled from the reduction furnace, (fire clay 
retort) (Fig. 15.13) leaving less volatile impurities behind. 

2ZnS(s)+ 302g) | ——> 2ZnO(s) + 2SO2(g) 
7лО(5).+ CS) хш 7л(р) + CO(g) 

To extract zinc from calamine, it is heated strongly in the absence 
of air when it decomposes to give the oxide. 

ZnCOx(s) ——* ZnO(s) + CO»(g) 

Generally zinc is contaminated with cadmium, iron, lead, etc., and 
it must be fractionally distilled. Zinc can also be purified by electrolytic 
refining process. 

2. Zinc is also manufactured by electrolysis of zinc sulphate. Zinc 
sulphate is obtained either by roasting the concentrated sulphide ore or 
by leaching the roasted ore with dilute sulphuric acid. 

ZnO(s) + HeSOa(aq) ——> ZnSO4(aq) + Н2О(1) 
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cathodes. 


anodes, dioxygen is liberated. 


HgS, known as cinnabar. 


ANS AN 


PRODUCER GAS 


Fig. 15.13. Reduction of zinc; an assembly ofa Belgian process. 
During clectrolysis very pure zinc is deposited on aluminium 


Zat (aq) + 267 —_, Zn(s) 
It is then removed by scrapping, It is 99.9575 pure. At the lead 


40H (ag) ——, 2H20(1) + O2(g) + 4&7 
Mercury : Elemental mercury is, at times, found in rocks. 
However, the only important ore of mercury is the dark red sulphide, 


2HgS +302 .——, 2HgO + 280? 


773K 
2HgO 2Hg + O2 
2HgO + HgS, —_. 3Hg + SO, 
The reduction is carried out in a shaft furnace (Fig. 15. 14) attached 
With condensation chambers, Mercury obtained from the chambers 


impurities. Some mercury is converted to Hg9(NO3)2 which reacts with 
the metallic impurities forming pure mercury. Mercury is best purified by 
distilling it in the atmosphere of oxygen to separate the more active 
metals. 


15.82 Properties of Zinc and Mercury 

Zinc and cadmium exhibit many common features in their 
chemistry but they differ markedly from mercury. All the three metals are 
silvery in appearance and volatile. Zinc is a bluish white metal which has 
a lower melting and boiling points than the transition metals. It has a high 
tensile strength and is a good conductor of heat and electricity. It has 
excellent resistance to atmospheric corrosion. 

Zinc is more rcactive than mercury. As compared to zinc, mercury 
has relatively low thermal and electrical conductivity. Mercury is a liquid 


SPENT ORE 


Fig. 15.14. Shaft furnace for the extraction of mercury 

at low temperature due to the weak interatomic forces. Mercury vapours 
are highly toxic and poisonous in nature. Mercury i is slightly soluble i in 
water. Its solubility seems to enhance its poisonous nature. Hg* i ions 
combine with the tissues of kidney and destroy their function of removing 
waste products from the blood. Egg white and milk act as antidotes 
because their proteins precipitate the mercury in stomach 

1. Action of air : There is an increasing resistance to the 
environmental effects. Zinc quickly tarnishes to a blue grey appearance 
and an adherent coating of basic carbonate Zn(OH)2.ZaCO3 is deposited 
which protects the metal from further corrosion. Mercury is not affected 
at all. 
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Zinc, when strongly heated, burns forming oxides. 
2Zn + 02 —— ——  2ZnO 

Mercury is slowly oxidized on heating near its b.p. forming HgO. 

On heating to a higher temperature, it decomposes. 
2Hg + О Er 2HgO m. iu 2Hg + O2 

2. Action of water : Mercury is not affected by water even on 
heating. Zinc reduces boiling water to a small extent. It reacts with steam 
at high temperatures with liberation of H2. 

Zn + НО ZaO + Ho 

Zinc is not affected by cold water. Granulated zinc is obtained 

when molten zinc is poured into coid water. 


3. Action of acids : Pure zinc is not affected by non-oxidizing acids 
(НСІ or H2504) but the impure metal dissolves in dilute acids liberating 
hydrogen (oxides of nitrogen or ammonia with nitric acid), Mercury 
reacts only with oxidising acids,e.g., nitric acid (dilute and concentrated). 
Both Hg and Zn are affected by hot concentrated H2SO4. The reaction of 
Zn and Hg with HNO3 depends upon the temperature and the 
concentration of the acid. Dilute and warm HNO3 reacts with Hg and Zn 
forming NO; hot and concentrated HNO3 forms МО». 

.3Hg : + 8H* + 2NO3 —+ 3Hg?^* + 2NO + 4H20 

(dilute acid) 

Hg + 292504: —+ Hg’* + SO? + 50: + 290 

In the presence of excess of mercury, Hg (I) salts are obtained. 

4. Other reactions : These metals are attacked by halogens and 
sulphur forming halides and sulphides, Hydrogen and nitrogen react with 
zinc forming ZnH2 and Zn;N,. Sulphur powder is generally spread over 
spilt mercury to prevent poisoning by mercury vapours. Hgl», a scarlet 
red precipitate, on dissolving in KI solution forms a colourless solution of 
K2Hgl. Its alkaline solution (Nessic:'s reagent) reacts with ammonia of 
ammonium salts forming brown coloured solution or precipitate. 

15.83 Uses of Metals and their Compounds 

Zinc: Zinc is mainly used in providing a protective coating on iron 
sheets (galvanization), In galvanization clean sheet of iron is dipped into 
од sprayed with molten zinc, Zinc is used in dry cells and for producing 
alloys (e.g. brass-Cu,Zn). It is also used їп zinc plating from a solution 
containing ZnSO4. It has been used in metallurgy of both silver and gold 
by the cyanide process and in the purification of Ag by Parkes’ process. It 
is used as a reducing agent in the manufacture of perfumes, synthetic 
drugs and dyestuffs, 

,.. Lithopone, a mixture of ZnS and BaSO4 is used as white pigment. 
Zinc chloride is employed as a caustic in surgery and as a dehydrating 
agent in certain organic reactions, A solution of Z2Clz (acidic nature) 
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along with ammonium chloride is used as flux to dissolve coating of oxides —— 
on metal surfaces, before soldering. It is also used in preparing 
fibreboard. A solution of ZnO in ZnCl is used as cement. Zinc white or 
Chinese white, a white paint, contains ZnO. Zinc oxide is used in the 
manufacture of automobile tyres, rubber articles and medical ointments. 

Mercury : Because of the fact that mercury is an opaque liquid at 
ordinary temperatures, highly dense, inactive, electricity and heat 
conductive, it is extensively used in electrical switches, liquid scales and 
measuring instruments - thermometers, brometers, manometers and high 
vacuum air pumps. Mercury vapours (conducting nature) are also used 
in mercury vapour and flourescent lamps. These lamps under high 
electrical potential emit bluish-green light, and hence, arc used for 
artificial illumination. 

Mercury forms alloys with other metals. These alloys are called 

. These can be made available both in the liquid and solid 
forms. As a result, the reactivity of the amalgamated metal may be 
enhanced or reduced, е.ў., sodium amalgam is less reactive than soidum 
due to decrease in concentration (dilution effect) and aluminium 
amalgam is more reactive than aluminium as metal is saved by mercury 
from being covered by an adherent coating of oxide. Mercury amalgams 
with Sn, Au, Ag and other metals are used by dentists in teeth fillings. , 
Mercury is used in the extraction of gold and silver by using 
amalgamation method. It is used as electrode in electrochemical cells for 
the production of chlorine gas and sodium hydroxide from concentrated 
brine solution. It is employed as a starting material for preparing its 
compounds. 

Mercurochrome and merthiolate (complex mercury compounds 
containing organic compounds) are used as antiseptics. Other important 
applications for mercury include the production of mercurial drugs, 
detonators (e.g. mercury fulminate, Hg(OCN)2 is explosive). Mercurous . 
chloride (calomel) is used in medicines as laxative and ointments. 
Calomel, because of its insolubility, is not poisonous and used as · 
germicides. It is used in calomel electrode. Corrosive sublimate (HgCb) © 
and mercury vapours are highly toxic and are used in insecticides and | 
plant sprays. { 

Black and red sulphides of Hg(+2) under the name ot vermilion 
have been used as pigment. Vermilion is widely used in cosmetics, It is 
also used as an Ayurvedic medicine under the name of Makaradhwaj. 
HgO (both red and yellow forms) is used in paint industry. It is also used 
in medicines for skin diseases. Mercury compounds e.g., HgCl2, HgCh, 
K2Hgl are used as laboratory reagents. 


129° COMPOUNDS OF ZINC AND MERCURY | Nm 
Both the metals form compounds corresponding to +2 oxidation 


state. They are considerably covalent in character. Mercury forms 
compounds with +1 oxidation state also. 
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15.9.1 Oxides | — 

Both Zn and Hg form oxides. 

Zinc oxide is produced by burning metal in air or by heating the 
carbonate or nitrate. It is normally white and becomes yellow on heating 
due to partial evaporation of oxygen from the lattice. It sublimes on 673K 
without decomposing. It is amphoteric in nature, dissolves in acids to 


form salts and in alkalis to form zincates. 
ZnO + 2НС1 2ZnCb + HO 


ZnO + 2NaOH + H20 Na2[Zn(OH)4] 

Zinc oxide is reduced to metal on heating with carbon or hydrogen. 
Zinc oxide finds its major use in the production of rubber, where it 
shortens the time of vulcanization. It is used in the manufacture of 
glasses, enamels and glazes. Along with chromic oxide, it works as a 
catalyst in the synthesis of methyl alcohol from water gas and hydrogen. 
It is a good fungicide. (For its other uses refer to Section 15.8.3). 

Mercury (П) oxide exists in a red and a yellow variety. The 
difference in colour has been attributed to the particle size, the crystal 
Structure being the same in two cases. Red variety is obtained by 
pyrolysis of Hg(NO3)2 or by heating the metal in air or oxygen at 623K. 
Yellow variety is obtained by adding alkali to a salt solution, HgO is 
precipitated. Hg(OH)2 is not known. 

HgCb *2NaOH ——+ HgCh + 2NaCl + НО 

Mercury (II) oxide decomposes on strong heating. The yellow form 
is slightly metastable with respect to red. It does not react with alkali, but 
reacts with acids forming salts. It reacts with certain alkali metal halides 
on heating. 

HgO + H20 + 2NaCl HgCb + 2NaOH 

НЕО + ЊО + 4KI — — . куны] + 2KOH 


1592 Halides (Nessler's reagent) 


The known halides of +2 oxidation state are included in the 
Table 15.7 


TABLE 15.7. Halides of Zn and Hg with their m.p. (К) 


Gesmpes[OWoiss — [Boma | 


Flourides 


ZnEX( 145) | ZnCl, (548) ZnBr, (667) Zal, (719) (white) 
(white) (white) (white) 
Hg(*2) | Hg Р; (918) HgCb (553) HgBr,(51 1) HgL, (530) (red 
(white) (white) (white) and Sel w) 
Hg(41) Hg Fa (843) Hg Ch, (656) Hg,Br, (618) Нұ, (413) 
ow (sublime) (white) sublime) (white if 


(sublime? (yellow) 
- Zine Dihalides 
: , Diflourides of Zn and Hg arc distinct and ionic in nature. Zinc 
dihalides are, in general, hygroscopic and very soluble in water. 
Anhydrous dihaldies are prepared by heating the metal in dry Cl 
(ог НСІ) Brz or b. Aqueous solution of zinc dihalides can be prepared 


760 


by the usual methods,¢.g., ZnCl can be prepared by the reactiou of dilute 


hydrochloric acid on zinc metal, ZnO or ZnCO3. These aqueous 
preparative methods yeild hydrates. 

Being covalent in character, the dihalides have low m.p. and 
dissolve in ethanol, acetone, and other organic solvents. 

Aqueous solution of ZnClz is acidic due to hydrolysis. 
Concentrated aqueous solution of ZnCl dissolves starch, cellulose, and 
silk forming a gelatinous mass which may be moulded into various shapes. 
Apart from its uses listed in Section 15.83, ZnCl2 is used in textile 
processing, and in preserving timbers. It is also used in the preparation of 
vulcanized paper and fiberboard. ‘It is used as flux in the extraction of 
metals as well as in the manufacture of magnesia cements for dental 
fillings. 

Mercury Dihalides 

Dihalides of mercury are prepared by combining halogens with 
mercury under proper conditions. They are low melting and volatile 
covalent solids. Being covalent they are soluble in many organic solvents. 
They are soluble in water, Hgl2 being only slightly soluble. 

Mercury (ЇЇ) chloride is the most important among all the dihalides 
of mercury. Apart from the elemental combination, НЕС may be 
prepared by dissolving mercury (II) oxide in hydrochloric acid or by the 
action of aqua regia upon mercury. It is manufactured by heating HgSO4 
with sodium chloride; the HgClo sublimes from the reaction mixture. 

HgSO4 + 2NaCl ——> Na2SO4 + HgCb 

A small amount of manganese dioxide is also added in the reaction 
mixture to oxidize Hg(I) salt formed during the reaction. 

It is a white crystalline solid, moderately soluble in cold water, but 
soluble in hot water. It dissolves in some organic solvents, such as ethanol 
and ether (solubility suggests its covalent nature). Its solubility in water 
is increased by excess of Cl” ions, which form complex. 

ВЕСЕ 2c?) а aa 
Tetra-chloro-mercurate ion ` 
It reacts with sodium carbonate and aqueous caustic soda 
p: «ducing red and yellow variety of НЕО respectively. i 
Hg Ch + СО? HgO(s) + CO; + 2Cl 
(Red) 
HgO (s) + ЊО + 2€ . 
(Yellow) 

It is not affected by hot conc. HNOs and volatilizes away when 
treated with boiling conc. H2SO4. 

Mercur chloride is readily reduced to Hg. Ch and mercury on 
treating with SnClo solution. 

2HgCh(aq) + SnCb(ag  ——» — HgjCL(s) + SnCh (aq) 

Hg,Ct, + Sith. ——* 2Hg(l) + SnCh (aq) 
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Hg Ch + 20H 


Formic acid also reduces HgCl to Но2С and Hg. 

Mercury (П) chloride is hydrolyzed to a small extent by water and 
ammonolyzed by aqueous ammonia. 

Cl- Hg — СІ + 290 —9 CI- Hg - (OH) + H30* CT 

Cl — Hg СІ + 2МНз — СІ - Hg - NH? + NH4CI 


Hydrogen sulphide reacts with HgCb in acidic solution giving à — 


black precipitate of HgS. 
In dilute solution, HgCl? is used as an antiseptic. It is, however, 
poisonous in nature. It is called corrosive sublimate. t is used for 


treating seeds, tanning leather, preparing other mercury compounds for 4 


dying fabrics, as a catalyst in organic synthesis and as a disinfectant. 
Mercury (II) Iodide 
Iodide ions on reacting with HgCl2 solution, precipitate an organge 
solid. The precipitate of Hgl2 is soluble in the presence of excess of 
iodide ions, the tetraiodomercurate ions being formed. 
HgCb + 21. ——  Hgb. ——— Hgl2 
(Red) (Orange) 
Нер -2KI -———2 K [Hg 14] х 
Potassium tetraiodomercurate 


An alkaline solution of Ko[Hg I4] is called ‘Nessler’s reagent andis | 


used to detect the presence of МНД ions and ammonia gas. 

Mercury (D Chioride and other Mercury (1) Halides 

The halides are the most iniportant compounds of mercury with 
+1 oxidation state (Table 15.7). Hg,F2 is prepared by adding HF to 
васе It dissolves in water but is immediately hydrolyzed to the black 
oxide (a mixture of Hg + HgO). 

The other halides, Hg, X2 (X =Cl, Br, I) are precipitated from the 
solution of Hg,(NO3)2 by adding X ^ (in a salt) as they are insoluble 1n 
water, eg, 

Hg(NO3)2 + 2NaX ——> HgX, + 2Na NO3 

They can also be prepared by adding mercury to HgX2 

HgCh + Hg ——— Hg Ciz 

Both Hg,Cl, and Hg,Br, аге volatile and can, thus be purified by 

sublimation. They decompose on strong heating. 

Hg;Ch I—— HgCb + Hg 

Mercury (I) chloride is called ‘calomel’ (beautiful black) with has 
originated from the black colour of the precipitate formed by the addition 
of ammonia and alkali. 


Hg, Ch + 2NH3 | ————* НМ —Hg —Hg -Cl + NH4 Cl 


Hg +.H2N — Hg – СІ 
(Black) 
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It is reduced by SnClz to mercury. 
HgCb(s + SaCk —— 2Hg(1) + Sn Cl (aq) 

159. Sulphides 

Both zinc and mercury form sulphides. They occur in nature as 
zinc blende and cinnabar respectively. A colourless precipitate of zinc 
sulphide is obtained in the laboratory by passing H2S gas through an 
ammonical solution of a zinc salt. 
ZnSO«(aq)* HoS(aq)-- 2NH4OH(aq)— ZnS(s) + (NH4)2SO 4 + 2Н20(1) 


Zinc sulphide dissolves readily in mineral acids with evolution of 
H2S gas. Hence, it cannot be precipitated in acidic medium. It turns grey 
on exposure to light, probably due to the dissociation to the elements. It 
emits cold light under the action of radiant energy or electrons. This 
property of ZnS has made it possible to luminescence. This property of 
ZnS has made it possible to use it in the manufacture of cathode ray tubes 
and radar screens. 

Mercury (Ш) sulphide is obtained in two forms : (i) black 
amorphous HgS, and (ii) red crystalline HgS. The black form is usually 
obtained on passing H2S gas through an acidic solution of mercury salt. 
The precipitate so formed is initially white and then becomes yellow, then 
red and finally black. This is because of the difference in composition of 
the precipitate in these stages. 


HgCh + Н25 Acid”. Hes +она 

On heating, black HgS sublimes and gives beautiful red coloured 
HgS known as vermilion. “Tt is insoluble in most of the reagents; it 
dissolves readily in aqua regia or hydrochloric acid containing potassium 
chlorate. It is also attacked by conc. HBr and HI. 

It dissolves in aqueous solution of sodium sulphide in the presence 
of an excess of hydroxyl ions and forms the thiomercurate ion. 

Has nS my eae Hes} 

On strong heating, it decomposes to mercury and sulphur, sulphur 
being converted to 502 in the presence of oxygen. 


HgS ———> НЕ(1) + 5 


15.9.4 Sulphates 

Both Zn and Hg form sulphates. { gas e 

Zinc sulphate, ZnSOs. 7920, known as white vitriol, is 
manufactured by roasting zinc blende at low red heat. 

ZuS tii LOD ete att ZnSO4 У А 

On а small scale, it is prepared by treating metallic zinc, zinc oxide, 
or zinc carbonate (calamine) with dilute H2SO4. The product is extracted 
with water and суарога 1 to crystallization. Crystals of the heptahydrate 
21804. 7H20 are obtained 
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It is isomorphous with other vitriols like FeSO4.7H20, MgSO. 
7H20, CoSO4.7H20, etc. and can form mixed crystals with these 
compounds. On heating to 373K, it loses six water molecules. The 
seventh water is also lost when it is heated at 723K and becomes 
anhydrous. 

373 К 


ZnSO4.7H)0 ————> ZnSO} НО + 610 
21504. НО — 21504 
On heating beyond 723 К, it breaks down into zinc oxide. 
2ZnSO4 ип үн 2ZnO + 280; + O2 

The compound is very soluble in water. It is used iri the production 
of white pigment, lithopone, which is a mixture of barium sulphate and 
zinc sulphide formed by the reaction. 

BaS + 212+ + 5027 —  —À. © BaSO4 + ZnS 

Lithopone ў 

It is used іп galvanizing iron and steel. It is used in dyeing, in 
cotton printing, in medicine and is also the starting material for preparing 
other zinc compounds. 


Mercury (П) sulphate is obtained by the reaction of mercury with 
conc. H2504 

Hg + 2H2804 НрЅ04 + 502 + 2H20 

It is a white crystalline solid which decomposes on heating. 

3HgSO4 xd Hg2SO4 + Hg +250: + 202 

Some important alloys of zinc have been included in Table 15.4 
given under Section 15.5.3. 
15.10 TIN ANDLEAD 

Tin and lead belong to group 14 of thc periodic table. The first 
two elements carbon and silicon have already been discussed in Unit 12. 
The elements of the group bave ns? np? electron configuration and form 
both M(II) and M(IV) oxidation states. As with group 13 elements, the 
higher oxidation state becomes less stable with increasing atomic number. 

Carbon and silicon are primarily non-metallic in nature, while 
germanium tin and lead become increasingly metallic in properties with 
increasing atomic number. The metals of this family are reasonably 
reactive ош are frequently protected by a surface coating. Some physical 
properties of the group 14 elements are given in Table 15.8. 


Tin and lead are two of the oldest metals known to man. Tin has 
- been found in Egyptian tombs showing that the metal was known from 
very early periods of history. Its production dates back to 3500 - 3200 
В.С. Lead was used in ancient Egypt for glazing pottery (7000 - 5000 


2 5 the н anging Gardens ої Babylon were floored with lead sheet to 
retain moisture. 
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15.10.1 Occurrence and Extraction of Tin and Lead 
Tin : The most important ore of tin is cassiterite or tinstone, SnO2 
which is found in Malaysia, South America, South Africa and Burma. 
TABLE 158 Properties of group 14 elements 


Property c Si Ge Sa Pb 
Atomic number 6 14 3 50 82 
Atomic radius (pm) 91 132 137 162 175 
Covalent radius, m) T 117 122 140 154 
Ionic radius, M^." (pm) = "s 093 112 120 
Density (g cm ^2) (293K) 222 233 532 73 1.3 

(graphite) 

351 

(diamond) 
Ionization potential Ist: 1086 786.3 761.2 708.4 207.2 
KJ то! 

2nd: 2351.9 15768 1537 14114 1450 

Meiting point (K) 4273 1693 1218 г x 600 
Boiling point (K) - 3653 323 33% 5124 
Electrode potential, E°, (V) - —084  —030 -—013  —013 
м M 
Oxidation states 4,1 4 4 +2044) +2(+4) 
Abundance in earth’s crust 320 227, 7 40 16 
(ppm) 200 


In India small amounts of tinstone are found in Hazaribagh (Bihar) and 
Orissa. Tinstone contains 5-10% of tin as 5002, the rest being impurities 
consisting of silicious matter, pyrites of iron, copper and arsenic 
tungstates of iron and manganese called wolframite. д 

The tin ore is crushed and washed with water to separate the lighter 


rocky materials from the heavier ore (wolframite and pyrites). The ore is 
then roasted in a current of air, when sulphur and arsenic are removed as 
sulphur dioxide and arsenic dioxide, As2O3. Iron and copper pyrites are 
converted to their oxides and sulphates. These are extracted by dilute 
НСІ and tinstone is left behind as insoluble. It is called ‘black tin’ and 
contains 60-70% of tin as tin oxide. The purified ore is reduced by 
carbon (anthracite) in a reverberatory furnace. Limestone is added to 
produce a slag with impurities which can be later removed. 

SnS2 + 302 — 500 + 2502 

5102 + C + O2 Sn + 2CO2. 

Because of the presence of iron in the ore of tin, it is necessary to 
reduce tinstone/iron oxide at sufficiently high pressure of oxygen to 
prevent extensive reduction of iron. Metallic iron and tin stone form a 
hard product, with unacceptable impurities. 

The molten tin, called ‘black tin’, contains 99.5% metallic tin. It is 
drawn off and cast into ingots or blocks. The crude tin is remelted and 
the easily fusible tin melts away and less fusible compounds of iron and 
arsenic and other impurities are left behind. The molten metal is further 
purified by stirring vigorously in atmosphere of oxygen with long billets of 
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green wood (poling) to oxidize iron. The impurities are brought to the 
surface in the form of scum and are skimmed off. This step can also be 
achieved by using steam or compressed air. Further purification of the 
tin is accomplished by electrolysis, using impure tin as anode and pure tin 
cathode. The electrolyte consists of hydrofluorosilicic acid (H;SiF;) , tin 
sulphate and sulphuric acid. 

Lead : Galena (PbS) is the principal ore of lead, often found 
associated with zinc blende,ZnS. Other common, but less important ores 
of lead are the carbonate, cerrusite (PbCO3); and the sulphate, anglesite 
(PbSOs) which appear to have been formed by the weathering of sulphide 
ores. In India, small quantities of lead ores are found at Panjori in Swai 
Madhopur, Jaipur and Chitral (Rajasthan). 

Two methods of extraction are employed ; 

(1) Self reduction or air reduction method, and 

(ii) Carbon reduction method. 

The concentration of the ore is done by a series of selective 
processes to remove the silicious materials and other sulphides associated 
with the ores. 

Self Reduction or Air Reduction Method 

Enriched galena is roasted in a reverberatory furnace. The ore is 

oxidized to lead oxide and lead sulphate. 
3PbS + SO? 2PbO + PbSO4 + 28502 
Now more of galena is added and the air supply is reduced. The 
galena reduces the oxide and sulphate to metallic lead. 
PbS -- 2PbO 3Pb + SO? 
PbS--PbSO4 — —— —, орь + 2802 
Carbon Reduction Method 

The concentrated sulphide ore is mixed with lime and roasted in à 
sinterer (Fig. 15.15). The roasting takes place in the presence of a blast of 
air at high temperature. As à 
result, the sulphides of Pb and Zn 
are oxidized to oxides. 

2PbS + 302 — 2PbO + 2502 
2ZnS + 302 — 2ZnO + 2502 

Lime helps the forward 
reaction by combining with 
sulphur dioxide. 

CaO + SO? CaSO3 

The oxides are now mixed 
with coke, scrap iron and lime 
(flux) and smelted in a blast 
furnace. A blast of air necessary 
for combusion is introduced from 


Fig. 15.15 Sinterer for roasting of 
concentrated оге. 
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the bottom. The lead oxide is reduced. 
PbO + C ——— РЬ + СО 
PbO + CO ———— РЬ + CO? 
PbS + Fe — —— РЬ + Fes 
2ZnO + C —* 22а + CO? 

Lime removes silica as fusible slag of calcium silicate. Lime does 
not allow lead to be wasted as lead silicate, PbSiO3 which even if formed, 
is decomposed by lime. 

CaO + 5102 ————+ CaSiO3 
PbSiO3 + CaO СаЅіОз + PbO 

Both the molten lead and the slag collect in the lowest part of the 
furnace known as hearth. The slag floats on the surface of the molten 
metal and is drawn out through the slag hole while the lead is removed 
through the tapping hole. 

Zinc vapours coming out from the top of the furnace are 
condensed. Zinc, being less dense than lead, forms the upper layer and 
can be removed. 

Lead prepared by the above methods always contains impurities 
such as gold, silver, copper, iron, tin and antimony which make the metal 
hard and brittle. The impure metal is heated in a shallow reverberatory 
furnace in the presence of air. The oxides of the metals other than Pb 
rise to the surface and molten lead is drained off for further refining. 
Gold and silver may be extracted from the lead by the Parkes process or 
by the electrolytic process - thin sheets of pure lead are made the 
cathodes, plates of impure lead the anodes, and the electrolyte contains 
lead hexafluourosilicate (PbSiFs) and hexalfourosilicic acid (H2SiFs). _ 

A recent method of lead extraction involves the electrolysis of lead 
sulphide dissolved in molten lead chloride. 

15.10.2 Properties of Tin and Lead ч $ f d 

Tin exists in three solid allotropic forms, which differ in their 
crystal lattice, They are grey malleable and brittle tin. The malleable tin 
is the ordinary form of tin and is a soft silvery - white, lustrous metal. It is 
ductile and can be rolled into thin sheets (tin foils). White tin is stable at 
temperatures above 287K and grey tin below this temperature. 


287K 40K SOK — 
Grey tin s Whitetin —— Brittle ——> Liquid 
Density 5.8 78 6.6 
(gem >) 


Й Tetragonal) (Rhombic) р 

Grey ыы, Eo ре жыл of catalyzing its own formation. An 
effect is, thus, produced which, in a way, is similar to the реген 
infection іп a plant ог animal body. This phenomenon is called ‘tin 


disease’. ; 
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Ordinary white tin does not oxidize in air or water af 
temperature. But above its melting point, it transforms gradually in 
oxide, SnO2. 

Lead is a bluish white, heavy and soft metal having little tei 
strength. It is the heaviest of the common metals excepting gold. 
mercury. It has a metallic luster when freshly cut but acquires a 
colour when exposed to moist air (moisture + CO2) due to the for 
of lead hydroxide, and lead basic carbonate, PbCO3. 

2Pb + Оз + 2H20 ———› 2Pb(OH)2 
Pb(OH)2 + CO2 ›  PbCOs + H20 
Some important reactions of both tin and lead are summarize 
Table 15.9 


TABLE 15 9: Reactions of tin and lead 


1. Oxygen of air М + 02——* MO 


2. Н:О (room Pb + RO уе, 
temperature) (soft) (In он» 


Pb + H2O——> Insoluble PbSO4 and PbCO. 
з Sulphate and Сай 
ae s hard water) е-и HS ater 
PbSO4 and PbCO» Sa is not attacked with РЫ 
жа insoluble PbSO and E 
Sn is not attacked by H 


3. Steam M 2112 0——* МО» +2H20 


Para М +5: ———* MS» Lead forms PbS 

rne М *2Ch ——* MCh Lead gives PbCI2 

6. Aqueous alkali (Hot and conc.) 66 slow 
Sn + NaOH > Na2SnO2 +H2 


NaSnO2 + 2920 ——> Na2(Sn(OH) 
Pb +2NaOH ——> 2Ма›РЬО› +Н; 
Pb + 4КОН + 290 —» K4Pb(OH)s + Hz 
7. Acids 

(i) Cold and dilute НС M + 2HCl —-> МС + Hp Sn reacts very slowly 
Pb hardly reacts. г 
Gi) Hot and-Conc HCl — M^K2HCI—— 5 MCh +1 With Pb slow reaction 
the formation of in 

2 


(ii) Hot Cone.H2S04 Sn +2H2S04——>SnS04+2502 4411.0 — Lead 


ў Pb F2H:S0.—— » PE(1S0 2 4-H vigorously 
(iv) Hot Conc HNO3  3M+ 4HNO3 . 3MO24 4NO4 2H20 Lead Гога 
(V) Dilute г. aan +NH4NO3 +3120 

re h 
ҳа, 7 O3 ——> Pb (NO3)2 + 2302 + 21190 


P- 


Forms alloys T 
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15.103 Uses of Tin and Lead 

Tin : Tin is mainly used in plating iros to resist corrosion, Solid tia 
is used in the fabrication of stills for the preparation and distribution of 
distilled water, Tin foils are used for making food containers. И finds sse 
in making alloys (Table 15.10). Tis compounds are usod as mordants in 
dycing and calicoprinting. Tin amalgam is used for making mirrors. 

Lead : Because of its mallcability, softness and resistance to 
corrosion, lead is used in piping and as a roofing material. It is used іа 
storage battery, for covering electric cables, to make bullets and shots. It 
protects workers handling radioactive materials as it absorbs radiation. It 
finds use to prepare lead tetracthy! (C3Hs)4Pb, which is used as an 
additive to petrol to prevent knocking. It is used to make pigments such 
as red icad, white lead, chrome yellow and chrome red. Lead chambers 
arc used in sulphuric acid industry. It has been used in manufacturing 
alloys. (Table 15.10). 
ТАВЫК 15.10 Common alleys ot tia ваай 


Name e Uv 

Broaze Cu 75.95%, Za 1-29%, Sa S-10% Fittings, statue, сома and cond 
valves. 

Вей metal Cu 80%, Sa 20% For making belli, gongs, e 

Gun metal Cu 85%, Sa 5%, Za 59%, Pb $% Оеат, pons, castings, bearings, ex. 

Phosphor bronge Cu 95%, Sa 48%, Р 02% Spring wires, suspensos füamceti 
electrical instruments. 

Type metal Pb 70%, Sb 20%, Sa 10% Pnanag туре 

Solder Pb 67%, Sa 33% For soldering 

Pewter Sn 90-95%, Sb 1-8%, Cu 0.5.99 Decorative alloy, making wien. 

Babbitt (1) Sa 80-90%, Pb 0— 5%, Cu 5% а ee 

ec 
(2) Pb 75%, Sa 12%, Sb 13%, 
Cu 0 — 1% 


15.11 COMPOUNDS OF TIN AND LEAD 


Tin and lead form two series of compounds, corresponding to +2 
and +4 oxidation states. Compounds with +4 oxidation state are 


gencrally covalent whereas with +2 oxidation state are essentially ionic. 
15.11.1 Oxides 


Sà* +СОЗ ——— : SnO + СО) 


Sn 
The сыза еде prevents the okidation 190010500), 
Amongst the several forms of SnO known, blue-black tetragonal 
form is the most common. It is ampbotertic ia више, фиоМав readily 
in aqueous acids to give Sn(II) complexes and in alkalis to form 
[Sn(OH)3] 7 
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Tin (IV) oxide occurs naturally as cassiterite. It is generally 
obtained when tin is burnt in air or by treating it with conc. HNO3. The 
product is white when cold, but yellow when hot. It is insoluble in water 
and dilute acids or alkalis but dissolves readily in fused alkali hydroxides 
to form stannates. 

SnO? + 292504 ——— Sn(SO4)2 + 2H20 
SnO2 + 2NaOH ——>  Na?SnOs + H20 

It is amphoteric in nature. It is hydrolyzed by water when a white 
ppt. of hydrous tin (IV) oxide (SnO2..H20) is obtained which is rea 
soluble in both acids and alkalis. 

Tin (IV) oxide is used to prepare white glazes and enamels. It fin 
use as polishing powder. 

Lead Oxides : Three oxides of lead are known: Pb(II)O, Pb(IV) 
and Pb304. 

Depending upon the method of preparation, lead (11) oxide is r! 
orange, or yellow in colour. It is prepared by heating lead (II) carbon 
lead (II) nitrate and lead (II) hydroxide. 

PbCO3(s) ————> PbO + CO»(g) 

A yellow variety, a common form, is obtained when molten lead 
heated in air. When it is roasted to 773K, it acquires a reddish- уе 
colour, and in this form is known as litharge. It is amphoteric in nature. 

PbO + 2НМОз ———— Pb(NO3)2 + H20 
PhO + 2NaOH ———— Na2PbO2 + H20 

With HCl and H2SO4, insoluble PbCl? and PbSO4 are formed. It 
reduced to metal by heating in a stream of hydrogen or carbon mono: i 
a by heating with carbon. 

PbO(s) + Ho(g) ———— РЫ(І) + H20(g) 
PbO(s) + CO(g) ——— Pb(I) + CO»(g) 
PbO(s) + C(s) ————» РЫ(1) + CO(g) 

Lead (II) oxide is used for filling the lead storage battery and in 
production of certain grades of glass and paints. It is also the starti 
material for preparing other lead compounds. 

,., Lead (IV) oxide is a dark brown insoluble solid. It is prepared 
oxidizing lead (II) compounds in alkaline solution. It can also 
obtained by warming trilead tetraoxide, Pb3O4 with dilute HNO3. 

Pb3O4 + 4HNOs ——» PbO? + 2Pb(NOs3)2 + 2H20 

It is amphoteric in nature with acid properties predominating in 
On heating to 573K, it decomposes to oxygen and the lower oxide. 

" 2PbO2(s) —— 2PbO(s) + O2(g) 

t oxdizes hot conc. НСІ i i itially i 
Roh ырын ti: to dichlorine. Initially it forms P 

PbO»(s) + 4HCl(ag) —— PbCh(s) + 2H20(1) + Clo(g) 

With hot conc. H2SO4, dioxygen is evolved. ? 
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2PbOxAs) + 2H3S04( 1) —— 2PbSOs + 2Н;О(1) + Ох) 
Nitric acid does not react with РЫТУ)О, Similar to PbO, it can 
also be reduced to metal. 
PbOx(s) + 2Hy(g) — РЫ!) + 2H30(g) 
PbO? combines with SO; to form РЬЅОЦ. 
PbOjx(s) + SOx(g) ——+ PhSOu(s) 
It reacts with alkalis forming plumbates (IV). The fusion of lead 
(IV) oxide with CaO yields calcium plumbate. 
CaQ(s) + PbO3(s) ———+ CaPbOxs) 
Most plumbates arc insoluble in water, Sodium and potassium 
plumbates arc soluble; they are hydrolyzed in solution. 


6PbO + Оз ===> PhO; 

It decomposes above 773K to lead (II) oxide and oxygen. it isa 
brown solid and behaves as a mixture of PbO and PbOz With dilute 
nitric acid, the reaction would be expected for a mixture of simpler 
oxides, 


HNO 3 
PbO2(s) —————» PbOn(s) No reaction, and, 
2PbO(s) + 4HNO3x(aq) — 2Pb(NOs)2 + 2H20(1) 


Pb3O4(s) + 4HNO3(aq) — PbO2(s) + 2Pb(NO3)2 + 2H20(1) 
Pb304 reacts with other acids on the similar lines. 
PbO2(s) + 4HCl(aq) — PbCh(s) + 2H20(1) + Cla(g) 
2PbO(s) + 4HCI — 2PbCh(s) + 2H20(1) 


Pb304(s) + 8HCl(aq) -» 3PbCh(s) + 4H20(1) + Ch(g) 
Pb3O4(s) + 6H2SO4(aq) -« 6PbSOa(s) + 6H20(1) + Or(g) 
15.11.2 Sulphides 

Both SnS and SnS2 are known. A brown precipitate of Sn(II)S and 
a yellow precipitate of 5052 are obtained when H2S reacts with an acidic 
solution of ЅпСЬ and SnCls respectively. Sn(IV) S2 can also be obtained 
by heating tin shavings with sulphur and ammonium chloride. — 

Tin (II) sulphide does not dissolve in alkali metal sulphide and 
ammonium sulphide, but ammonium and alkali metal polysulphides 
dissolve it with a formation of thiostannates. 

SnS + (NH4)2S2 —— (NH4)2[SaS3] 
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Tin (IV) sulphide dissolves readily in a solution of alkali metal 
sulphide and ammonium sulphide forming soluble salt of thiostannic acid, 
H2SnS3. 

SnS2 + (NH4)2S — > (NH4)2[SnS3] 

The addition of acid reprecipitates the sulphide. 

(NHap Sn$3(aq) + 2НСҚад) —> SnS2(s) + H2S(g) + 2NH4Cl(aq) 

Concentrated НСІ dissolves SnS? and forms a complex. 

SnS2 + 6H* + 6Cl^ —>  Ho[SnClg] + 2HoS(g) 

Lead (II) sulphide is formed as a black ppt, when HS reacts with 
acidic solution of lead (H) salts. This is why a filter paper soaked in a 
solution of lead (II) salt darkens when it is exposed to H2 S gas. This is 
used to identify H2S gas, S?~ and S207 ions. It is insoluble in dilute 
acid, alkali sulphides and ammonium poysulphide (№Нд4)25,. 

15.113 Halides 

Tin and lead form two series of halides, MX2 and MXa. Pb(II)X2 
are more stable than Pb(IV)X4. The non-existence of PbBr and РЫ is 
attributed.to the strong oxidizing properties of lead (IV) salts. Dihalides 
have greater ionic character in the solid state than the tetrahalides, for 
instance, their volatility is much less. 

Dihalides 


/ Tin (II) flouride is prepared by evaporating a solution of SnO in 
40% aqueous HF. It is used as an ingredient in tooth pastes to decrease 
dental decay. : 

Tin (II) chloride is obtained as the dihydrate (SnCl. 2H20) by 
evaporating a solution formed by the reaction of tin or tin (П) oxide with 


conc.HCl. The salt is hydrolyzed by water forming the basic hydroxy 
chloride, Sn(OH)CI. - 


ЅаСр + НО —— —* Sn(OH)CI + H* + C17 


Anhydrous Sn(IDCL is prepared by heating metallic tin in 4 
current of dry НСІ gas. 

Tini) chloride finds wide use as a reducing agent because of the 
ease with which tin (II) is oxidized to the tin (IV). It reduces Hg(II)Cb 
first to white insoluble, Hg2Ch and then to Hg. 

2Hg Cl(aq) + SnCb(aqg) ——+ HgjCb(s) + SnCla (aq) 

HgeClo(aq) + SnCb(aq) ——> 2Hg(1) + Sn Ch(aq) 

Iron (III) salts are also reduced to iron (ID salts by SnCl? 

2Fe^* + snt —__, 604+ | ор2+ 


|. This reaction is the basis of estimating iron (III) salts by redox 
titrations using KMnO; solution. 
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Tin (II) bromide is a white solid. It forms many hydrates. Snl; 
forms as brilliant red needles. Both SnBr? and Snl; are prepared when 
tin is heated with Br? in HBr or b in HI. 

Lead (II) halides are stable crystalline solids which can readily be 
prepared by treating any water soluble Pb(II) salt with HX or halide ions 
to precipitate PbX2. 

The ionic character of these halides decreases : PbF? > РЬСЬ > 
PbBr2 > РЫ (covalent). All the halides except, РЫ2 which is yellow in 
colour, are white solids. Lead (II) ions are identified in the qualitative 
analysis on the basis of colour and insolubility of РЬСІ and РЫ». Both 
are soluble in hot medium and insoluble in cold solution. 

PbCb(s) *2Cl^(ag ——+ [РЫС 

Tetravalent Halides oM) 

Tin (IV) flouride is prepared by the action of anhydrous HF on 
SnCh. It is an extremely hygroscopic and a white crystalline solid which 
sublimes above 973K. Other SnX4 are prepared by the direct action of the 
elements. SnCl is a colourless liquid, soluble in organic solvents, such as 
ССи and it is covalent in nature. н 

It is hydrolyzed extensively by water, whereas in НСІ (excess) 
hexachlorostannic acid is produced. 

SnCl, + 2НС1 ———-+ Насі] А 

Both SnBr4 and $ш also hydrolyze readily but definite hydrates 
can be separated from acid solutions e.g., SnCl4.5H20, SnBr4.4H20. \ 

Only two tetrahalides of lead, i.e., PbFs (yellow crystalline solid) 
and PbCli(yellow oil) are known. PbFa is an ionic solid whereas PbClh is 
à covalent compound. РЫСИ is formed as an unstable liquid by reaction 
between PbO? and conc.HCl It decomposes to PbCl? and Ch above 
323K. It is readily hydrolyzed by water. 

ga ph — РЬО2 + 4HCI ‘ н 

An acidic aqueous solution of PbCl4 forms complex salt with alkali 

metal halides; e.g., Mo[PbCls], Mo[Pb Fo],(M = Ма, К, Rb, Ca, МН). 


SELF ASSESSMENT QUESTIONS 
MULTIPLE CHOICE QUESTIONS 
t a (V) mark against the most appropriate sanns: 

15.1 (i) The molecular formula of Glauber's salt is 
(а) MgSO4.7H20, (b) CuSO4.5H20 — - 
(c) FeSO4. TH20 (d) №2504.10Н20. 

(i) ^ Bell metal is an all of copper and 3 
(a) іп (b) E (c) lead (d) nickel 

(i) Ад Pap й 
(a) | part HCI and 3 parts HNO3 (b) 3 parts mee ey? ©) 
parts HCl and 1 part of HNO3 (4) 3 parts НСІ parts 


(iv) Lead i йу dissolved i 
(@) 80, OA O HNo @) на 
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КЎ 
i) 


(vii) 
(viii) 
(ix) 
(х) 
(xi) 
(xii) 
(xiii) 


White lead is 
(a) oxide of lead (b) carbonate of lead (c) basic carbonate of lead (4) basic 
sulphate of lead 


Which of the following compounds of elements of group 14 would you expect to be 
most ionic in character ? 


(а) РЫС (b) PbCly (с) CC (d) SiCly 
The purest form of commercial iron is MS 

(a) wrought iron (b) castiron (с) steel (d) pig iron. 

In our country iron is obtained from the ore ad 
(a) haematite (b) cryolite (c) azurite (d) cassiterite. 


Which of the following metals is extracted by smelting ? 

(a) sodium (b) calcium (с) copper (d) aluminium 

Which of the following minerals/ores is not an oxide ? 

(a) bauxite (Б) haematite (с) cuprite (d) calamine 

Which of the following alloys is an alloy of tin ? 

(a) brass (Ы) magnalium (c) bronze (4) stainless steel 

The percentage of carbon is the least in 

(a) castiron (Б) steel (c) pig iron (d) wrought iron. 

Extraction of metals from sulphide ores is accomplished : 4 
(a) froth flotation process (b) smelting process (с) electrolytic reduction 
(d) thermal decomposition. 

A substance used in metallurgy to remove rocky material is called 

(a) ар (b) flux (с) oxidizingagent (d) gangue 

A blast furnace is used in the extraction of 


(a) iron (b) zinc (с) aluminium (d) tin. 

Fill in the blanks in the followings: 

An element that can exist as a positive ion in acidic solution and as a negative ion 
in basic solution is said to be (IIT 1984) 


The process iüvglved in the production of a meist from its ores are collectively 
known as 

The rocky materai found with oresisknownas — — . 

The process ій which the lighter gangue paticles are washed away in a stream ol 
water while thé heavier minerals stay behind is known as 

The method of rémoving volatile matter from ores is known as фир P = 
Roasting is а Process in which : 

Hardnéss of;steel is adjusted by 

In electrolytic tefining, pure metal is deposited on the 

A process ol P a fine coating of zinc metal on iron metal i is knowt 
as 

Sulphide ores are, generally, concentrated by process, 

Indicate if the following statements are true or false by writing T or F. 

Silver chloride is more soluble in very concentrated sodium chloride solution than 
water. | (IIT 1984) 
Metals can be recovered from their ores by chemical methods. 

SnCl is a non-linear molecule. 

Metals are situated on the right hand side of the periodic table. 

Metals usually occur in the native state in the nature. 

Bronze is an alloy of copper and zinc. 

Stainless steel is an alloy. 

Copper will displace aluminium from its solution. 

Cast iron is the purest form of commercial iron. 
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(x) Bauxite is an ore of aluminium. 9.2 
(xi) The electronic configuration of copper is 34° 45“. 
(xii) ^ Metals are good conductor of electricity. 

(xii) Тһе percentage of carbon is 0.2% in wrought iron. 

154 Match the descriptions given in column B against the statements /terms under 


column A. 
Column A Column B 
1. Cassiterite (i) Lead 
2. Cerussite i Silica 
3. Calomel iii) НЕС!) 
4. Corrosive sublimate (iv) Zine 
5. White vitriol (у) BaSO4 
6. Lithopone (vi) 21504. 7H20 
7. Calamine (уй) Iron 
8. Limonite (viii) Tin 
9. Malachite (іх) Copper 
10. Flux (x) FeSO4. 7H20 
11. Green Vitriol (х) НЕС 
SHORT ANSWER QUESTIONS 


15.5 State what happens when ы 
1. Aqueous ammonia is added dropwise to a solution of copper sulphate till it is in 


excess. (IIT 1985) 

2. Tin is treated with conc. HNO3. (IIT 1985) 

3. Pb304 is treated with nitric acid (IIT 1986) 

15.6 Answer the following questions briefly (IIT1987) 


1. What is the actual reducing agent of haematite in blast furnace. 
2. Give the equations for the recovery of lead from galena by air reduction. 
3. Zinc and not copper is used for the recovery of metallic silver from complex 
[Ag(CN)2] ; ; 
4. Why is chalcocite roasted and not calcined during recovery of copper. ү 
15.7 (i) Name the ore and the process employed for the extraction of (1) copper, (2) zinc, 
and (3) iron. е : 
(ii) Give the chemical reactions which occur їп а blast furnace during the extraction 
of iron from haematite. A 
(iii) Give the reaction involved in parting process between Ag and Н2504 as weii 
as Ag and HNO3. r: J 
15.8 (i) Give ihe daa hod occur when an aqueous solution of Ст; is treated with 
(a) anaqueous solution of KI 
(b) an aqueous solution of SnCly 
(c) Copper, and 
(d) ап aqeueous solution of NaOH. , 
(ii) Copper becomes green when exposed to air for long. Explain. 
15.9 Complete the following chemical equations. 


1. Na + O2 =a ee 
2. Na20.+ HO 5 
3. 2Mg +12!) ae 
4. "Zn + НО Sere eine 
5. мр + HO © —————7* 
6. Ре +.НО У 
7. Zn H2S04 Gee 


(dilute) 
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15.1 
15.2 
15.3 


154 


15.5 


15.6 


15.7 


15.8 
15.9 


15.10 


15.11 


15.12 
15.13 


15.14 


8. Na + HCl правната у рат. 
9. Cu + Н2504 —-— 
10. Mg + HCI CMR RT T ОА 
M. Al + НСІ EET x 
TERMINAL QUESTIONS 
What type of ores are roasted ? Write a chemical equation for the roasting of an 
ore of each type. Why is this procedure used ? " 
How will you obtain (i) iron from Fe203 (ii) copper from copper pyrites and 
iii) zinc from zinc blende ? Outlie the steps involved. 

riefly explain each of the following:s: (a) galvanizing, (b) froth flotation process, 
с) oxidative refining, (d) leaching and (е) Aluminothermy. : 
3 What is steel ? isn the terms: (i) tempering of steel, and (ii) stainless 
steel.. 
(b) The equation: Fe203 + 3 CO ——> 2Fe + 3CO2 represents the changing of 
iron ore into iron. (i) What compound has been oxidized ? (ii) What compound 
has been reduced ? (їй) Explain giving chemical equations, how is carbon 
monoxide produced in a blast furnace ? 
(a) List the steps involved in the extraction of zinc from its carbonate ore. 
(b) Give in brief the procedure used for extraction of tin from tinstone. 
Describe the extraction of copper from a sulphide ore under the following 
headings: (i) concentration (ii) roasting (iii) conversion to metal and (iv) 
electrolytic refining. 
(a) State two reactions, if any, of the following metals with a solution of copper 
sulphate: (i) mercury (íi) iron (iii) zinc (iv) tin. 
(b) Aluminium is more active than iron and yet there is less corrosion of 
aluminium when both are exposed to air. Explain. 
How do the metals copper, zinc, tin and lead react with water and air ? 
(a) What is the action of common acids on the following metals: iron, copper, zinc, 
Silver, tin, lead and mercury. 
(b) Cupric hydroxide dissolves in excess of ammonia. Comment. 
(c) All the water molecules present in copper sulphate are not alike. 
(а) (i) Which one of the followings is acidic flux: SiO2 or СО ? (ii) Which one of the 
followings is an alloy of iron; Gun metal or Brass or Duriron? (iii) which one of 
the followings is capable of forming complexes: Zinc or Magnesium ? Explain. 
(b) lain the following statements: 
(i) Fe^* is oxidized to Fe” + easily but Co? * and Ni^ аге not easily oxidized. 
(ii) Iron does not occur commonly in higher oxidation states. 


(iii) Serap iron is added in the manufacture of ferrous sulphate heptahydrate 
from iron pyrites. 


Comment on the following.S 

(a) Almost all the transitional elements utilize orbitals in forming compounds but 
zinc, cadmium and mercury do not utilize. 

(b) Zincis more reactive than magnesium. 

(c) Copper (+2) forms stable compounds but Cul2 is not obtained. 

(d) Among transition elements, the first element in a group normally differs 

from other elements but in zinc group both zinc and cadmium are very closely 

related. 


Mention some of the important uses of iron, copper, mercury and zinc and their 
compounds. 


Give preparation, properties and uses of the follawings: (i) silver nitrate, (ii) 
ferric chloride, (iii) copper sulphate, (iv) Mohr's salt, and (v) Calomel. 
Define with explanation each of the following terms: 


(a) stainless steel (b) alloy steels. (c) doubit salt and (d) refractory metals or 
compounds 
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15.15 
15.16 


15.17 


15.18 


15.19 


15.20 


15.6 


15.7 


Give the approximate composition and properties of : 

(i) pigiron, (ii) cast iron, (iii) wrought iron and, (iv) steel. 

Discuss the merits and demerits of using oxygen in place of hot air in tne Bessemer 

converter and blast furnace. 

(a) Name with their composition five alloy steels and five alloys of copper and 

silver. Mention some of their possible uses. 

(b) Mention some of the reasons for the wide use of iron and steel. 

Give the composition, the formulae and uses of the following: 

(a) Bordeaux mixture, (b) Blue virtriol (c) Paris green (d) Verdigris, (е) 

Lunar caustic (f) Green virtriol and (g) Alnico. 

(a) Suggest a method of preparing copper sulphate from copper turnings and 

silver nitrate from an alloy of silver and copper. 

(b) Describe the action of heat on: 

(i) copper sulphate (ii) ferrous sulphate (iii) silver nitrate 

Give the brief methods adopted in the metallurgy of iron, copper, silver and lead. 
ANSWERS TO SELF ASSESSMENT QUESTIONS 


()а, (i)a, (ii) b (ws (6 (vi) а, (vii) a, (viii) a, (іх) с, 94, 
i), (xii) d, (xiii) b, (xiv) b, (xv) a. ; t 
eaa у Gate ү ог matrix, (iv) hydraulic washing (у) 
calcination (vi) ore is heated in presence of air (vii) tempering (viii) cathode (ix) 
i froth flotati < 
galvanizing O PH, (OF, (AF GT, (АЕ, GF (ОТ. 
DT, DT dii) T. 1 
hip ©) Si) 46) 5м) 66) 70) 8 (vi) 9. (x) 
10. (ii) 1.) NM А Куз 
1. ‘When aqueous ammonia is added to а solution of copper sulphate, luis 
white ppt. of Cu(OH)2 is formed which dissolves on adding excess of aqueous 
ammonia solution forming copper ammonia complex having deep blue 
colouration.; [Cu(NH3)4] 
2. HNO3 gets reduced to NO2 and Sn is oxidized to H2 SnO3 
3, PbO2 and Pb (NO3) аге formed ey ОН, 
The actual reducing agent of haematite In blast furnace is С Lar the 


1. 1 
i excess 
2. Galena ore (PbS) is roasted at moderate temperature in s 
hearth of reverberatory furnace. The ore is oxidized partly to oxide and partly to 


also cheaper. This is why 
Zn and not Cu is used for the recovery of oe from complex [Ag(CN)2]: 
АСМ + Zn > 2Ag + [Zn(C 4. wi 
Hs a is roasted and not calcined use free supply of air is 
required to convert to its oxide. 
2Cu2S + 302 > 2Cu20 + 2502 
Cu2S + 2Cu20 —> 6Cu he: TETUR 
In calcination, heating is done in the 2 . 
1. Copper pyrites : Sulphide ore is crushed, concentrated and then roasted. 
The roasted ore is then smelted in the blast furnace. In smelting, the roasteo ore, 


і ide i to metal. | 
ien aride КК ore is crushed. concentrated and then oa ETE ; 
roasting a small amount cof zine sulphate is also formed along wi * 


oxide is reduced with егей coal in fire clay retorts (smelting). 
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3. Haematite : Purified oxide is put to smelting in the blast furnace. 
(1) See the text ej + SO њо 
e ier. S. — 203+ 2302 42H20 
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(vi) (a) HgCl2(aq) + 2KI(aq)  ——* Нр12(5) + 2KCl(aq) 
(b) HgCl2(aq) + SnCi2(aq) ——> Tao + SnCl4(aq) 
hi 
(c) HgCl2(aq) + Cu(s) —» ICQ + Hg(1) 
(d) HgCl2(aq) + 2NaOH(aq) ——> HgO -2NaCl(aq) + Н20(1) 


(ii) A green deposit of basic copper ASC) is formed. It is because of the 
combined action of moisture and carbon dioxide present in air. 
15.9 1.4Na(s) + Oz(g) — 2Na20(s) | 
Na20(s) + Н2О(1) — 2NaOH(aq) 
2. 2Mg(s) + Oz(g) — 2MgO(s) 


3.Zn(s) + H20(1) ——À9!inE  , логу + Hale) 


4, Mg(s) + H20(1) Aing y Mgo(s) + Нор) 
5. 3Fe(s) + 4H20(g) —»Fe304(s) + 4H»(g) 
(Steam) 55 
6. Zn(s) + H2SO4(aq) ————> _ ZnSO4(aq) + H2(g) 
(dilute) 
7.2Na(s)- 2HCl(ag) ————> 2NaCl(aq) + H2(g) 


8. Cu(s) + H2504 — Pt, CuSO4(aq) + 2H20(1) + SO2() 


(conc.) 
9. Mg(s) + 2HCl(ag ———~> MgCla(aq) + H2(g) 
10. 2Al(s) + 6HCl(ag) ———» 2AICh(aq) + 3H2(g) 
(hot) 
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UNIT 16 
Structure and Shapes of Hydrocarbons 


One of the most sung evidences of the reliability of the chemist's methods 
of determining molecular structure is the fact thai he has never been able to 
erive satisfactory structures far supposed molecules which are in fact 


nonexistent. 
UNIT PREVIEW 
16.1 Introduction 
16.2 Alkanes 
16.3 Conformation in hydrocarbons 
16.4 Isomerism 
16.4.1 Structural isomerism 
16.4.2 Stereoisomerism : (a) geometrical isomerism and (b) optical isomerism 
16.5 Enantsiomers - origin of chirality 
16.5.1 Optical rotation 
16.6 Alkenes 
16.7 Alkynes 
16.8 Arenes 
16.8.1 Structure of benzene 
16.8.2 Resonance 
16.8.3 Isomerism in arenes 
Self assessment questions 
Terminal questions г 
Answers to self assessment questions 
LEARNING OBJECTIVES 
At the completion of this unit, you should be able to: А 
Classify the hydrocarbons into (i) alkanes, (ii) alkenes, (iii) alkynes, and (iv) arenes. 


Explain the difference between aliphatic and aromatic hydrocarbons. 
Describe the structural features of different types of hydrocarbons 
Understand the meaning of isomerism. 
. Describe the different types of isome: 
isomerism and stereoisomerism. 


16.1 INTRODUCTION $ 

There is such a vast number of organic compounds that we can only 
hope to skim this area of study. As beginners,it is wise to note from the 
onset that organic chemistry is systematically organized into the study of 
groups of substances. Each group of compounds have some common 
features of their molecular structures. With the help of chemical reactions 
shown by certain representative compounds in each of these group, we 
learn the chemistry of many related substances. 

The simplest organic compounds are hydrocarbons, containing 
carbon and hydrogen only. They occur mainly in coal, natural gas and 
petroleum. These naturally occurring hydrocarbons provide the starting 
material for the preparation of the bulk of the world's synthetic organic 
compounds. Thus, they can be considered as the derivatives. of 
hydrocarbons obtained by substituting hydrogen with an appropriate 
functional group (Unit. 7). Hydrocarbons are described as either 
aliphatic or aromatic (Fig. 16.1). Aliphatic compounds, based upon their 


ical reactivity, hydrocarbons can be grouped into 


structure and chemi n H : 
three classes: (i) alkanes, (ii) alkenes, and (iii) alkynes, (which exist both 
719 


и шко юн 


rism like structural isomerism, conformational 


suoqup204p£ fo әти] Го] 314 


; | 
SOLE. -9—29-— TQUE -9- —2— —2— 
I3 ey | 
79-9 G0 — Sie rt Sem ro 
| 
91-705 —-9 ,2— ата ра 
NE bl If Ls - т 
INE IN ISl —9590-9—9— | —9-9-9-9— —9—9—-9—2- 
| Ач Les te {гє ees ee) ПЕ | 
pajeimesun pajeimesun panes paieinjesun paijeinjesun *sejdurex3 


рәге 


(swo 9 (swo 9 (swo 9 
əəməq риод ә|би!$) иәәмцәд риод əjqnop) иәәлчәд риод ejBuis) 
S3NAX1VO19A9 S3N3»X1VO19A9 S3NVX1VO19A9 S3N3»1V SINVH1V 


780 


(91949) 
SaNnOdNWOO 9NIH Q3SO19 


(ureuo-uoueq pue шецо-цбіедѕ) 
SaNnOdWOO NIVHO-N3dO 


(perejey-euezueq jou) 
OILVHdI1V 


(peiejo1-euezueq) 
OILVWOuV 


(swoye иәболрАц pue uoqieo Ajuo шејиод) 
SNO8HVOOHGAH 


as open chains, — acyclic and rings -cyclic molecules). Aromatic 
compounds have conjugated ring systems. Alkanes are saturated 
hydrocarbons with only carbon - carbon single bonds. Alkenes and 
alkynes are unsaturated hydrocarbons with at least one carbon — carbon 
double and triple bond respectively. 
16.2 ALKANES 

Alkanes are~saturated hydrocarbons which are also known as 
paraffins (para=less; affins—affinity. In these compounds, the 
tetra-covalent nature of carbon is established by single bonds to carbon 
and hydrogen atoms. The general formula of alkanes is CnH2n+2. 
Cyclo-alkanes can be represented'by the general formula CnH2n (for 
monocyclic) or CnH2n-2 (for bicyclic) and so on. The formation of only 
single bonds requires that each carbon atom in an alkane be sp 
hybridized and the four bonds that it forms are directed towards the four 
corners of a terahedron. In methane, the simplest alkane, the four 
hydrogen atoms surrounding the carbon atom are arranged at the corners 
of a regular tetrahedron (Fig. 16.2a). A tetrahedron is a regular geometric 
figure with four faces and six edges. The angles between each pair of 
bonds in a tetrahedral molecule are 109° 28’. Each face of the tetrahedron 
is an equilateral triangle and has three hydrogen atoms. 
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г ЕЙ Fig. 16.2 (p) & (с) Spatial 
Fig. 16.2 (a) : Three dimensional tale ) of methane. 


arrangement of methane. 
off in 1873 showed that methane molecule is 
(b) or 16.2 (c) portray the usual way of 
thick line in Fig. 16.2 (b) indicates a 
e reader and the regular line, indicates a 
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Le Bel and Уап! Н 
three dimensional. Figures 16.2 
representing methane. The dark 
С Н bond projecting towards th 


C, —H bends in plane of the page and the two dotted lines indicated 
C — H bonds projecting behind the plane of the page. Figure 16.2 (c) isa 
two dimensional structural formula. It does not portray the actual 
tetrahedral shape of the methane. Ethane and propane are illustrated 
below through their structural formulae and condensed structural 
formulae. 


H H о о о Батай z 


| | Па 
Structural H — С - C-H H—-C-C-C-H 


formula | b | L al 


Condensed structural H3C — СНз СНз: — CH? - СНз 
formula 


Through the above representations, we are not specifying the 
geometry of ethane and propane. There is free movement along the 
carbon backbone. On the other hand, beginning with butane, it is possible 
to describe the molecular structure of an alkane in ways that lead to 
different compounds. This is because, the fourth carbon can be placed in 


the skeleton either at the two ending carbons or at the middle carbon 
atom. 


| 
~C — C - C- 2- Methyl propane 
| | | (КОБЕ). 


\ These two compounds with different structural arrangements of 
their atoms but same molecular formulae (C4Hio) are called structural 
isomers. In a similar way, an alkane with molecular formula CsHiz will 
have three structural isomers, 

CH; СН, — CH, — CH, —CH, 
Pentane 
1 2 3 4 os 
CH, S cH! «568, Ls Сн 
3 2 3 H, C = эл CH, 


2-Methylbui cd 
ylbutane 2,2-Dimethylpropane 


е еә Г [ЩЩ 


With increase in the number of carbon atoms the number of 
structural isomers possible for a given molecular formula also increases, 
e.g., C10H22 shows 75 structurally isomeric forms. The carbon atoms in a 
compound are designated according to the number of carbons to which 
they are directly attached (Unit 7). A carbon atom bonded to only one 
other carbon or to none is called a primary carbon (denoted by T). 
Similarly, a secondary carbon (2° ) is bonded to two carbons, a tertiary 

e 
(3 ) to three and a quaternary (4 ) to four. 
163 CONFORMATION IN HYDROCARBONS 

Although, we know that the four bonds around each carbon atom in 
ethane are arranged on the four corners of a tetrahedron, this does not 
tell us how the C—H bonds at one end of the molecule are oriented with 
respect to those at the other end. Because of the possibility of freë 
movement along the carbon backbone, it is possible to rotate one CH3 
group of ethane about the carbon—carbon bond keeping the other fixed 
without affecting the о bond. This rotation gives rise to different 
conformations of the molecule. Two different arrangements of atoms 
(conformations) in a molecule are shown in Fig 16.3 drawn end on 
(Newman projection) and on an angle (Saw horse projection). In one 
form of the molecule, the C — H bonds at one end of the molecule are 
directly opposite the С — Н bonds at the other end. The С-Н bonds are 
said to have eclipsed arrangement. In the other form, the С — H bonds at 
one end of the molecule, rather than being exactly opposite the bonds at 


H 
H H à | s 
Newman projections | 


Eclipsed conformation Staggered conformation 


H 
H 
H 
H 
Saw horse projections - | 


Fig. 16.3. Rotational conformations of ethane. 
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the other end, lie exactly between them. The C — H bonds are said to 
have a staggered arrangement. In between these two conformations, 
infinite number of conformations corresponding to intermediate positions 
of hydrogen are said to be skew conformations. The hydrogen atoms on 
adjacent carbon atoms are quite close to each other in the eclipsed 
conformation, in which the potential energy of the system is at a 
maximum. The staggered conformation corresponds to a minimum of 
potential energy (Fig. 16.4). It means that the eclipsed conformation 


POTENTIAL ENERGY 


H : H 
H H HoH H 
H H Y H H 
H H H 
STAGGERED ECLIPSED STAGGERED 
CONFOHMATION CONFORMATION CONFORMATION 


ROTATION ABOUT CARBON(CARBON BOND 


Fig. 16.4. Variation of the potential energy of ethane with rotation about the 
carbon —carbon bond. 

with a slightly higher energy is less stable than staggered conformation. 
The energy difference between the two conformations is only 12.5 kJ 
mol“ which at room temperature is too small a barrier to prevent free 
rotation about the carbon—carbon bond. In effect, one end of the 
molecule is continually rotating with respect to the other end. The free 
rotation is easilydemonstrated by using a ball-and-stick model of ethane 
(Fig. 16.5). However, the combined effect of many such barriers influences 
the shape of a large aliphatic or alicyclic molecule. Propane is written 
СНз — CH»? — СНз and is designated as a straight chain hydrocarbon. 
This is somewhat misleading, since with tetrahedral bond angles the 
carbon chain is bent as shown in Fig. 16.6. Further, the barrier to 
rotation about a carbon—carbon bond is expected to be slightly higher for 
propane than for ethane, because a methyl group is a bulkier than а 
hydrogen atom. The eclipsed conformation of propane is higher in energy 
by 13.8 kJ mol ^ ! than the staggered conformation. 

Conformational isomerism is possible in alicyclic compounds as 
well. Alicyclic compounds, a subgroup of the alkanes are the cyclic 
Sie in which the carbon chain is joined together to form a cyclic 

re. 
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3 Propane Н 


| Fig. 16.5.'A ball and a stick model: Fig. 16.6 Three dimensiona! 
of ethane melecule. representation of propane. 


Cyclic carbon rings result in a distortion of the bond angle causing 
considerable intermolecular strain and steric hindrance to free rotation. 
The simplest cyclic compounds is cyclopropane, in which the bond angle, 
C — С — Cis distorted to 60° (Fig. 16.7a). This is rather large deviation 


р 


(a) OLD PICTURE 


~ P 


He № E -H 
a 
m 


(b) ‘BENT BONDS IN nes 
ros 
E: —— \, 


e 
Fig. 16.7 Structure of cyclopropane 
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from the most stable tetrahedral angle of 109° 28’. But in the modern 
representation of cyclopropane, though the internuclear angle is 60°, the 
orbital angle is about 104°. It means that the region of maximum orbital 
overlap does not correspond’ to the internuclear axis and the 
carbon-carbon bonds are described as bend-bonds (Fig. 16.7 b). The 
bonds are bent, however, so that overlap between orbitals is not only 
reduced, but also strained in the same way that any steel spring would be 
distorted. The cyclopropane molecule suffers still another kind of strain. 
Figure 16.7c shows that — C — H bonds are all eclipsed, and therefore, 
somewhat strained because of the mutual repulsion of electron pair on 
carbon atoms. Thus, the cyclopropane is unstable and undergoes ring 
opening reactions with many reagents. Generally, the cyclic compounds 
whose bond angles differ significantly from 109° 28' are unstable and have 
high energy. 

As rings increase in size, bond angles increase and strain is less. 
Thus, in conformity with the geometric requirement for the tetrahedral 
carbon atom, higher ring structures are puckered or non-planar. 
Cyclopentane is such a system, in which the bond angle (108°) is close to 


the tetrahedral angle of 109° 28' and is, therefore, quite stable and 
unreactive, 


CH2 
CH2 CH2 Projects above the 
CH2 CH2 plane of the paper 
cyclopentane 


Cyclohexane, C6H12 is a puckered molecule and adopts chair or 
boat corformations (Fig. 16.8). Of the two, the chair form is more stable, 
the energy difference being about 44 kJ mol 1, 


C 
h | ™ 
(b) S 
апа (b) boat conformations of cyclohexane. 
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Fig. 16.8 (a) Chair, 


This is because in the boat form, many hydrogens on adjacent 
carbon atoms correspond to the unfavourable eclipsed conformations of 
ethane (Fig. 16.9). Also the two hydrogen atoms attached to C4 and С, 
are quite close to repel one another. On the other hand, in the chair form 
we observe the staggered arrangement of groups (as in ethane) and an 
interaction between C,, Cj, C, and C, similar to that in gauche butane 
(Fig. 16.10). 


16.4 ISOMERISM 

Isomers are compounds that have an identical molecular formula, 
but have a different arrangement of atoms within the molecules and the 
phenomenon is called isomerism. Isomers can be readily distinguished 
from each other because of differences in physical or chemical properties. 
There are two main types of isomerism: 


1. Structural isomerism. 2. Stereoisomerism 
H 
Ce н 
H 6 
©? 
p H 


(b) 


(а) 


Fig. 16.9 (a) Cyclohexane in boat соп, ormation(a) viewed down the СС 
bond, and (b) viewed down С and C2 bond (c) Projection of cyclohexane 
in boat conformation. 
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Fig. 16.10 Cyclohexane in chair conformation (a) viewed down the C2, C3 
bond, and (b) viewed down the C3 and C4 bond. (с) Projection of the 
cyclohexane in the chair conformation. 


16.41 Strcutural Isomerism 


Structural isomers are compounds in which the atoms in the 
molecule are linked in different Ways, ii.e., there are ‘gross’ differences 


between the structures of the isomers. Structural isomers may be 
subdivided under the following groups: 


(a) Chain Isomerism : Isomers in which different carbon skeletons 
are said to display chain isomerism, e.g., the two isomers of butane : 


Structural isomers of C4Hi0 


Carbon skeleton Name 


CH3 - CH2 - СН; — БЫЗ C=C] Gn e Butane 

СНз – CH - CH; ENE Fe 2-Methyl- 
|. | ргорапе 
CH3 C 


Eos ENE v s 1j 


(b) Position Isomerism : 
identical, but the location of su 
display position isomerism, e.g., t 


Isomers in which the carbon skeleton is 
bstituent groups is different are said to 
he two isomers of monochloropropane: 


P n 


Position isomers of C3H7Cl Skeleton Name 


CH3 - CH? - CH? - Cl C-c-c-cl n-Propylchloride 
CH3 - CH - CH3 C -c-cC Isopropylchloride 
| | 
CI CI 


Among disubstituted aromatic compounds three structural isomers 
are possible. 


CH, CH, CH, 
ci 
a 
a 
о = Chlorotolugne m — Chlorotoluene p - Chlorotoluene 


(c) Functional Group isomerism : Isomers which have different 
functional groups (e, belong to different families) are said to display 
functional group isomerism, é.g., an alcohol and an ether : 


CH3- СЮОН СНз — О - СНз 
Ethanol Dimethyl ether 


(d) Tautomerism : Isomers which exist in dynamic equilibrium — 
between themselves are said to display tautomerism. Tautomers are i 
usually not equally stable : 


Izd | 
н. © он 
Keto-tautomer Enol-tautomer 


16.4.2 Stereoisomerism 

Isomers in which some atoms or groups are present in different 
arrangements in space are said to display steroisomerism (stereo means 
‘space’ in Greek). That is, stereoisimers differ in their three dimensional 
structures. Stereoisomerism is of two types: 

(a) Geometrical Isomerism : Due to rigidity (restricted rotation) 
of double bonds, 2-butene can exist in two isomers. These two isomers 
differ in that the two methyl groups (or the two hydrogen atoms) are 
attached to the doubly bonded carbon atoms either on the same side of 


the plane of the double bond or on opposite sides. 
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Vis p. it P AR 


C C EC 
сй, t H zu R H 
Cis-butene М trans-2-butene 


(b) Optical Isomerism (origin of chirality) : Isomers that are 
capable of rotating the plane of plane-polarized light are said to display 
optical isomerism. A carbon atom attached to four different atoms or 


H~ “~ 
>C- COOH Chiral centre 
HO --- 


CH3 
Le Bel and van’t Hoff in 1873 suggested that the four bonds of 
carbon are directed to the corners of a tetrahedron (Fig. 16.11). Thus 


a 
LIT b^ 
b 
FOLD UNDER AND GLUE b 


Fig. 16.11. Making a card board Fig. 16.12, Mirror image of an 


tetrahedron asymmetric compound Oabde 


* The plane of Symmetry (©) is defined in lerms of the reflecti i f 
‹ : tion. Thus, for 
every point on the ol ject a correspondin int is fo nd pe i fe the original 
беш e line Perpendicular to the plant to an equal Ma Roch os the other side of 


© centre of symmetry ( į ) is a point in the obj ich i ied th 
h \ Ц : › ect through which is applied the 
inversion Operation, te this operation a imaginar line is drawn from any point En 
ше t through the centre (i ) ond extended eyond it for an equal distance. 
Aversion means that this latter ро respond to the original point. 


^ T 


as 


(Fig. 16.13) are also called chiral objects. These objects are capable of 
existing in right handed and left handed forms. Some common examples 
of objects which are not super-imposable on their mirror images are, the 
letter В, C, D, E, F, G, J, K, L, N, P, Q, R, S, Z. "The left and the right 
hands are mirror images of each other but are non-superimposable ( Fig. 
16.14). Other objects typical of this group are ears, feet, screws, 
propellers, coils, etc. 

Objects that possess either a plane ( o ) or a centre (i ) of 
symmetry or both are superimposable on their mirror images and are said 
to be achiral. Examples are hammers, coffee cups, ice- cream cones, 
barrels, balls, simple chairs, button and tables (Fig. 16.15). Alphabets, A, 
H, I, M, О, T, U, V, W and X also belong to this class of objects. The 
importance of molecular chirality will be clarified in the discussion. 


16.5 ENANTIOMERS (ORIGIN OF CHIRALITY) 

If two or three groups attached to a tetrachedral atom are the same 
(Fig. 16.16b) the molecules are superimposable on their mirror images 
and no isomers exist. A tetrahedral atom that has four different groups 
attached (Fig. 16.16a) cannot be superimposed on its mirror image and 
the two mirror image structures are isomers, called enantiomers. All. 
objects, including molecules, have mirror images. For some object, there 
is a difference between the object and its reflection. It is only an 
asymmetric object—an object we can describe as right-handed or left 
handed —that differs from its reflection. 

This characteristic of being either right or left handed is called 
chirality and molecules possessing it are chiral (from the Greek word: 
cheir, handedness). All optically active molecules are chiral and one 
enantiomer is right handed, the other left handed. 

They show different effect on light when they interact with the 
plane polarized light - radiation whose electromagnetic waves all lie in the 
same plane. 

Thus, enantiomers are stereoisomers which аге 
non-superimposable mirror images. They have the following important 
characteristics. 4 / 

(i) They have identical physical properties except optical rotation. 
Their melting points, boiling points, solubilities in different solvents, etc., 
are all identical. Because of this identity, attempts on their separation by 
usual chemical methods, like distillation, fractional distillation, 
crystallization, etc., are futile. They rotate the plane of polarized light 
equally but in opposite directions. The isomer which rotates the plane of 
polarization to the right is said to be dextrorotatory and the value is given 
а (+) sign. The enantiomer which rotates the plane of polarization to the 
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Cesaxis Fig. 16.14. Some chiral objects 


Аааа 
; Сә axis 
; 
axis | | 
Сә axis 


AWINE BOTTLE A BRICK (ALSO CONTAINS 9 
PLANES OF SYMMETRY) 
RS | 
COFFEE CUP 
(A PLANE OF SYMMETRY 
CUTS THE CUP AND HANDLE) 


Fig. 16.15 Some achiral objects. 
mical reactions of enantiomers 


with other chiral molecules. Ordinary che 
s of reaction are also identical. 


are not only identical in nature but the rate: 
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Fig. 16.16 (a) Non-superimposable mirror images (enantiomers). A pair of 
hands and a pair of 2-chlorobutane molecules are examples of enantiomers. 
In these examples, the plane of Symmetry is absent. 


(b) Superimposable image: A cube and q molecule of 2-chloropropane are 
each symmetric. They are not enantiomers, 


(iii) They often have differences in bio-chemical properties. Thus, 
One enantiomer of the drug, amphetamine is much more effective than its 


mirror image. Similarly (+) and tartaric acid is metabolized by the 
mould penicillium glaucum while (—) tartaric acid is not. 


(iv) A mixture of equal quantities of the (+) and (—) forms is 
optically inactive and is called a racemic mixture and is designated by the 
sign (+). The Process of separation of racemic mixture is called 
‘resolution’, 


16.5.1 Optical Activity (optical rotation) 


Plane polarized light : Light is Propagated by wave motion. In 
ordinary light the vibrations of waves occur in all planes at right angles to 
the lines of propagation, However, if such à beam of light is passed 
through a Nicolprism, the resulting beam has waves vibrating in the same 

i Ces being cut off. Light, whose vibrations 
occur in a single plane only, is known as plane polarized light and the 
zation. When plane polarized light ^ 
certain organic compounds, its plane О 


polarization js rotated by a certain angle either towards left or right. The 
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phenomenon of rotating the plane polarized light is called optical activity 
and the subtances which rotate plane polarized light are known as 
optically active. Solutions of compounds like lactic acid, glucose, 
2-chlorobutane rotate plane polarized light. Hence, these compounds are 
optically active. Those substances which rotate the plane polarized light 
to right are called dextrorotatory represented by sign ‘d’ or (+) and those 
which rotate to the left are called laevorotatory represented by sign ‘I’ or 


(=). 

Nicolprism (Fig. 16.17) is named after William Nicol in 1828, who 
used it for the first time. It is made of an iceland spar crystal (calcite or 
crystalline СаСОз). The crystal is cut diagonally and joined again with 
the help of canada-balsam. 


Faso BLY 


PROPAGATION ORDINARY NICOL PRISM PLANE 


OF LIGHT BEAM OF POLARISED 
LIGHT LIGHT 
TATED 
PLANE ROTATED PLANE RO 
TO THE LEFT TO THE RIGHT 


Fig 16.17 Imaginary cross-section of light beams. 

мей. of psi rotation : The instrument used for 
measuring optical rotation of a plane polarized light is called еви 
(Fig. 16.18). А polarimeter consists of a polarizer and an ana m a 
solution tube between them. The solution under examination 1s kept in 
this tube. The analyzer is fitted with a rotating scale ON the x 
through which the analyzer is od i an Um. e readings ar 
taken with the help of an eye-piece fixed next to 3 | 

The аши of E depends upon the following factory 

(i) ^ Nature of the substance . 

(ii) ^ Concentration of the solution 

(iii) Wavelength of the light used 

(iv) | Nature of the solvent 
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POLARISED 
ORDINARY 

LIGHT POLARISER LIGHT 
Su 

м 


SOURCE 
OF LIGHT 


SCALE 
ROTATED 


TUBE FOR SOLUTION 


PLANE-POLARIZED 
4 LIGHT 


OPTICALLY ACTIVE 
SOLUTION 


[ 
DEXTROROTATORY OPTICAL ACTIVITY. 2H 
Fig. 16.18. (a) Schematic representation of a polarimeter, [b) The plan 
отед light, passes through a Solution; the light is rotated through an 
angle either to the right (dextro ) or the left (laevo). 

(v) Temperature of the solution 


(vi) Thickness of the layer traversed by polarized light. 


The rotatory power of a 
specific rotation [ œ ]. К 


given solution is usually expressed as 
Š t 
Specific rotation [ с W 


a * obs. 


ас 
С е 
Where 
* obs = observed rotation 
length of the solution in decimetre 


1 = 
с = gof substance in | mL of solution 
t = temperature 

À = 


wavelength 
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Specific rotation is defined as the observed angle or rotation whenplane 
polarized light passes through a solution of 1 decimetre length and 1 g per 
cm” concentration. 

Optical isomers of lactic acid : Lactic acid is representative 
example of molecules containing ‘chiral centre’. We have already seen 
the tetrahedral representation of an optically active molecule, Cabde. 
But it is much more convenient to study optical isomers (those having an 
open chain structure) with the help of Fischer projection formulae. 

The rules governing the representation by Fischer projection are 
best understood with the help of an exampleye.g., (+) lactic acid. 

(i) The carbon chain is written vertically, keeping the highest 
oxidized carbon at the top, i.e., 

COOH 


| 
CHOH 


Ge 

(ii) The functional groups are represented either to the left or 
right. 

(iii) The groups at the top and bottom of the projection formula 
represent groups in the asymmetric molecule which are behind the plane 
of projection. The plane of projection is passing through the asymmetric 
carbon atom. 

(i) The groups at the left and right in the projection formula 
represent groups in the asymmetric molecule which are above the plane 
of projection. 

Thus, dextrorotatory lactic acid is represented as: 


COOH COOH COOH 
| 
ноа = HO— С—Н= HO H 
| 
NE CH3 CH3 


L(+) Lactic acid 


Similarly, the laevorotatory lactic acid would be represented as 
COOH COOH COOH 
OH 


D(—) Lactic acid 
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By a convention, in a Fischer projection formulae, if thé first 
functional group, from the bottom fs to the right à is called а D-isomer, 
Thus, the laevorotatory lactic acid is to be designated as D(-) lactic acid, 
And, if the first functional group from the.bottom is to the left, then it is 
designated as а L-isomer. Thus, dextrorotatory lactic acid is designated 
as L(+) lactic acid. 


The term ‘configuration’ means the arrangement in space of atoms 


or groups around a chiral centre. Thus, the two projection formulae | 


above represent the two configurations of lactic acid. 

Molecules with two chiral centres : Tartaric acid is a well known 
example of molecules with two chiral centres, Though, we can write 
down four projection formulae for tartaric acid, two of these are identical 
and represent the same molecule. 

Structures (3) and (4) are Superimposable mirror images and are 
thus, identical and optically inactive. Thus, configuration (3) or (4), 
inspite of having two chiral centres is itself a non-chiral configuration. 
They have a plane of symmetry which is indicated in the formulae witha 
dotted line. These stereoisomers are called the meso-form. A meso-form 
is a configuration having a plane of symmetry. 


Mirror 
а соон соон | COOH 
| | | 
H ^ — OH Meo H—C—OH | HO—C—H 
| | | 
seams КӨН Сон | но—с—Н 
| | 
соон COOH соон | СООН 
а) ; Q) (3) (4) 
dextro Laevo* (Superimposable Meso-forms) 


Sts in three isomers: (+)-tartaric acid, 
artaric acid, 


ти CH3 СНз Mirror CH3 
H— E d И ruo la B 
pecan “ыы Habd | а—с—н 

CH3 ie i i сш 


Pair of enantiomers Superimposable meso-forms 
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2,3-Dichlorobutane, is another molecule which has two chiral 
centres and, therefore, can exist in three forms (+) form,(—) form and 
the meso-form. 
16.6 ALKENES 

The alkenes (CpH2n), a group of hydrocarbons with two fewer 
hydrogen atoms than the alkanes, are unsaturated hydrocarbons in that 
they can add two hydrogens to become alkanes. These molecules are 
characterized by the presence of a т bond between two adjacent carbon 
atoms. The simplest parent member of the alkene series is ethene 
(ethylene), C2H4. An older name of alkenes, still in use, is olefins 
meaning oil forming. 

Members of the alkene family with their condensed structural 
formulae are listed in Table 16.1. They all have one double bond between 
two carbon atoms. All the names of the alkenes end in “-епе’. 


TABLE 16.1 Simple alkenes 


Molecular Name Condensed structural formula 
formula 

C2 H4 Ethene (ethylene) CH2 = CH? 

C3 He Propene (propylene) Cli? = CHCH3 

C4 Hg Butene (butylene) CH = CHCH2CH3" 


CH = CHCH? CH2CH3 


С$Н10 Pentene 
СНз = CHCH2 CH2CH2CH3 


C6 H12 Hexene 
* One of the possible isomers 


In ethene, the carbon atoms arc bonded to each other and to the two 
hydrogen atoms by three equivalent sp” hybrid orbitals, which form a 
planar arrangement of c bonds with bond angles of 120*. The 
unhybridized p-orbital on each carbon atom is occupied by a single 
electron. The p-orbitals on each carbon overlap as illustrated through 
Fig. 16.19 to form a « bond by overlap of the lobes both above and below 
the plane of the molecule. Therefore, the т bond between the two carbon 
atoms is perpendicular to this plane. Thus, the double bond is formed by 
superposition of a sigma and a p т bond. A с bond has a symmetry axis 
along the C-C bond, but a x: bond lacks this syiimotry: However, the т 
bond is bisected by the plane containing the sp carbons and the atoms or 
groups attached to them. 

Since the two electrons of the т bond are not present axially 


between the carbon atoms, they are not ‘оп average’ as close to the nuclei 
of the atoms as the electron pair in the bond. Therefore, they are not 
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°: | = 
нф” _ n “м, 
G -BOND ELECTRODENSITY 
(с) 


С: BOND 
(d)g -BOND AND x — BONC 


result the C = C bond in ethene is stronger and shorter than the C — C 
bond in ethene. The bond energies of a C — С single bond ( с bond ) 
and C = C double bond ( с bond plus а m bond) аге 347 and 588 kJ 
то! ! respectively, This is also reflected in the reduced distance 
between the two carbons. Now.the question arises as to why are alkenes 
more reactive than alkanes И doyble bonds are stronger than single 
bonds. When bromine adds across the double bond, the « bond is broken 
which requires energy. The amoynt of energy used in breaking the т 
bond, however, is more than the energy released during the formation of 
two new bonds to bromine atoms. Hence, alkenes are energetically 
unstable with respect to their products in an addition reaction. Further, 
they are kinetically unstable, because the high electron density between 
the carbon atoms tends to attract electron deficient groups (called 
electrophiles), thus initiating addition reactions. 

The overlap of p-orbitals on adjacent carbon atoms restricts the 
rotation about the о bond between these two carbon atoms. If rotation is 
to take place, sufficient energy ( ~ 280 kJ mol'! ) must be made 
available to dissociate the т bond (Fig. 16.20a). This restricted rotation 
imposed by the т bond prevents attached groups from changing position 
relative to one another and results in geometrical isomers. (Fig. 16.20 b). 

The inability of rotation about a carbon-carbon double bond is 
further justification for the orbital overlap model of covalent bonding, for 
if overlapping of orbitals leads to stability, reduction of overlapping, 
required in rotation, should require considerable energy. 


16.6.1 Isomerism in Alkenes 

If the « bond can assume more than one position in the molecule, 
isomers are possible and the position of т bond is indicated by a number 
the name of alkene. Ethene and propene do not possess structural 
isomers, as the ways of representing propene are identical. 

CH2 = CH- CH3 СНз- CH = CH2 

However, the double bond may be positioned differently in C4Hg. 

CH2 = CH - CH? - СНз СНз - СН = CH - СНз 

1 - Butene 2- Butene 

The relative rigidity about the C = C double bond leads to 
geometrical isomerism. For example, we may show the two structures for 
2-butene as given in Fig. 16.20. The two compounds have exactly the 
same atoms bonded to the same atoms, so they are not structural isomers, 


801 


but the arrangements of the atoms in space are different. Because of the 
difference in their geometry, they аге called geometrical isomers. 


А н H СНз 


= С 
ни Ny 
“ } x Lio lip BUTENE 
(a) cis 2- BUTENE (b) trans - 2 - 
b.p.277 K b.p. 274 K 


Fig. 16.20 (a ) The т bonds of an alkene must dissociate for the rotation to. 

) occur about the C — С с bonds. ea 

(b) the restricted rotation imposed by the т bond Suggests the possibility of 
geometrical isomers. 

In general, the trans isomer is more stable. It the two substituents 
оп a carbon atom containing the double bonds are the same, then that 
molecule cannot exist as geometrical isomers, €.g., 1-butene, does not 
have any geometrical isomer: 


H H H CH, СНз 
N / \ / 
Qu uc EC 
/ \ / \ 

H CH; CH; H H 


Hence, in order to exhibit geometrical isomerism, the two 


substituents on each carbon atom comprising the C = C double bond of 
an alkene must be different, ( 


16.7 ALKYNES 


Alkynes аге hydrocarbons that contain a triple bond between two 
carbon atoms. The simplest alk 


yne is ethycne, C2H2, which is commonly 
called acetylene, 


Members of the alkyne f; 
formulae are listed in Table 16.2. 
names of all alkynes end in " 


amily with their condensed structural 
Their general formula is CnH2n—2. The 


ync". 
К 2062 Si 
Molecular formula Name Condensed structural formula 2 
C2H2 Ethyne (acetylene) HC = CH 
C3H4 Propyne (methyl acetylene) СНз — C = CH 
СН 2-Butyne (dimethyl acetylene) CH3 — C = C — CH3 


2-Pentyne (ethyl methyl СНз — CH С = C — CH3 
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The triple bond in alkynes can be thought of as consisting of a 
bond and two т bonds. As in cthene, in ethyne the с bond frame work of 
the molecule is formed by the axial. overlap of two sp hybrid orbitals; the 
т bonds are each formed by the overlap of two 2p orbitals (Fig. 16.21). 
Because the 2p orbitals are at right angles to one another and have two 
lobes each, the two т bonds have four regions of negative charge around 
the C — C bond. These regions form a cylindrical sheath of electron 
density about the C — C o bond. The triple bonding is reflected in the 
bond energy (829 kJ) and in the ~C = С— bond length (120 pm). The 
structure provides no possibility for isomerism. Since ethyne has no lone 
pairs, its molecule is linear. The two ~ bonds of the alkynes behave in the 
same manner as the т bond of the alkenes. With a high density of 
electron in the triple bond, ethyne may be expected to attract 
electrophiles and undergo addition reactions like those of ethene. It is 
kinetically more stable than ethene. 


16.8 ARENES 


In the earlier two sections, we considered unsaturated compounds 
with double and triple bonds. There is another important class of 
unsaturated compounds called arenes. All arenes are cyclic compounds. 
The alkanes, alkenes alkynes and their cyclic relatives are known as 
aliphatic hydrocarbons. This word is derived from the Greek word 
aliphatos meaning oil or fat. Arenes are also called aromatic 
hydrocarbons because of the fragrance of several of the members of this 
class. The term aromatic is now used in the context of their chemical 
properties, and some aromatic compounds are hardly considered fragrant 
at all. Benzene is the simplest aromatic hydrocarbon. Monocyclic arenes 
like benzene (C6H6) have the general formula СНз, — g;bicyclic arenes 
like naphthalene (CjgHg) conform to СНз, — 12 and in general, an arene 
with m rings has the formula C,H» —6n Despite the fact that arenes are 


unsaturated, they behave differently from alkenes and alkynes in their 
chemical reactions. Some simple arenes with their structures are given 


below: 


l H H H H H 
BENZENE NAPHTHALENE ANTHRACANE 
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THREE-DIMENSIONAL REPRESENTATION, LIMITED REGIONS 
OF BONDING ORBITALS SHOWN. 


у 
ГА l 
T2Px T 2py 
ACETYLENE, SHO! 
WITH т2р, апа лт 
LINEAR CONFIGU 


Fig. 16.21. Sigma ( o ) and Pi (m)b 
orbitals in the е 


опа 
thyne т 
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16.8.1 The Structure of Benzene 


The molecular formula of benzene has been known since 1834 to be 
C6H6 . The exact structural formula, however, posed a problem for many 
years, Kekule (1865) was the first to propose a ring structure for benzene 
and in which alternate carbon atoms were joined by double bonds, (Fig. 
16.22) 


5 | 


Fig. 16.22. Benzene, the double bonds are not fixed 
This structure, called the Kekule or cyclo-hexatriene structure, 
explains many of the properties of benzene and was accepted for a long 
time. But even this structure leaves some problems. 


(i) Benzene having three double bonds should behave like a highly 
unsaturated compound, but actually it is found to behave like a saturated 
hydrocarbon, forming substitution compounds readily. 


(ii) Kekule formula contains two kinds of bonds, single and double 
bonds between carbon atoms. Therefore, it is expected to have different 
bond lengths between its carbon atoms, i.e., C—C, 154 pm and С = С, 
134 pm. In fact, [rom X-ray studies it has been found that all the bonds of 
benzene arc of equal lengths (139 pm) and the bond angle C— C — C is 
120*. 

(iii) Кекше formula admits the formation of two disubstituted 
products for similar substituents e.g, the two o- dichlorobenzenes 
possible would be : 


Cl e 


However, only one o-dichlorobenzene is known. 

To overcome these objections, Kekule suggested that the double 
bonds in benzene ring oscillate between two possible structures. The true 
representation of benzene is a resonance hybrid of the two forms shown 
in Fig. 16.22 x 
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The observed C — C — C bond angles, 120° can be explained in 


terms of sp? hybridization of carbon atoms leaving one pure 2p orbital on 
each carbon atom. 


C (normal) : 152, 257, 2, 2р} 
C (excited) : 152, 2s. 2p), 2р!, 2р! 


The carbon framework of the molecule is formed by overlap of sp. 
hybrid orbitals. The three sp? hybrid orbitals on each carbon atom are 
used to form two sigma bonds with the adjacent carbon atoms and one 
with an hydrogen atom (Fig. 16.23). The six unhybridized (or pure) 2py 
orbitals, cach having one electron, are perpendicular to the plane of the 
molecule and they are close enough to permit a lateral overlap of their 
electron clouds, yielding six extended т bonds (Fig. 16.24). It should be 


emphasized here that the extended 4 bonds are delocalized on all the 
carbon atoms, 


Is orbitals 


Fig. 16.23. The formation of carbon skeleton of benzene. 
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overlap leading 
to т bond 


Fig. 16.24. Overlap of 2py orbitals leading «o Jormation of extended т 
—orbital systems in benzene. 


This is illustrated in Fig. 16.26, where we see the o bonds as the 
solid lines between the carbons and the т bonds as a donut— shaped 
cloud with electron density above and below the carbon ring. 

The two resonance structures of benzene would be formed by the 
overlap of pairs of adjacent p orbitals, as shown in Fig. 16.25. 

The electrons in these 4 orbitals form a symmetrical cloud of 
electron density above and below the plane of the carbon atoms. Such a 


a ^ 9 um 
edu. pasado T 
/. 3 T 


2 
6 V 


Du 


Fig. 16.25. Valence bond resonance structures of benzene 
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110pm DELOCALIZED 
120° R т -ELECTRON 
SYSTEM 


BENZENE 
(a) 


н (с) 


Fig. 16.26. Benzene molecule (a) carbon skeleton with bonds. (b) т 
electron cloud distribution in benzene (c) delocalized т electron System. 


System of delocalized bond is represented by a circle within the 
hexagon of six carbon atoms (Fig. 16.27). 

The delocalization of the « electron cloud in benzene leads to a 
very stable ring structure. In fact, thermochemical calculations show that 
benzene is more stable than the hypothetical 1,3,5— cyclohexatriene by 
approximately 150kImol 71. Any system in which electron delocalization 
can occur is stabilized. This is because of the fact that electrons tend to 
repel one another, so a system in which they are as far apart from one 
another as possible they will enjoy minimum repulsion and will, therefore, 
be stabilized. The behaviour of electrons in benzene and other aromatic 
compounds is significantly different from that of т electrons in alkenes 
and alkynes. The rigid stability also explains its resistance to undergo 
chemical reactions. It is also responsible for substitution reactions 
hecause addition reactions would disturb the т electron cloud of benzene 
molecule, 

The structure described above means that the benzene molecule is 
planar, symmetrical and non-polar. The absence of polarity explains its 
liquid nature at room temperature and immiscibility with water. Its 
boiling point is 353K and its melting point is 279K. Its high boiling point 


is because of the fact that highly symmetrical benzene ring can pack into 
stal lattice. 
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Fig. 16.27 Structure of benzene Scale Model 


16.8.2 Resonance 


In terms of the Kekule structures, benzene may be described as a 
resonance hybrid of the two structures, (a) and (b) as shown in Fig.16.27. 
A double headed arrow is the symbol used to indicate — resonance 
between the two structures. Resonance between equivalent structures 
(e.g. the Kekule structures) leads to considerable stabilization (i.e. 
lowering of energy). Benzene is thus a molecule stabilized by resonance 
energy which is estimated to be about 150 kJ mol ~. In recent years, 
benzene is more frequently represented by the graphic formula (c) in 
which the hexagon shows the carbon skeleton and the circle represents 
the delocalized т electrons. 


16.83 Isomerism in Arenes 

In benzene, which is a symmetrical /molecule, all hydrogens are 
equivalent. It, therefore, forms only a single monosubstitution product. 
However, it forms thrce disubstitution products, e.g, the three 
dichlorobenzenes: 
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CI С! n 


СІ 
Cl 
а 
1,2 — Dichlorobenzene 13 — Dichlorobenzene 14 — Dichlorobenzene 
or. 
(ortho — dichlorobenzene) (m— dichlorobenzene) (p— dichlorobenzene) 


when three or more positions in benzene are substituted, the number of 
isomers would be morc. 


SELF ASSESSMENT QUESTIONS 

Multiple Choice Questions 
16.1. Put tick ( v ) mark against the correct answer, 
(i) An organic compound will show optical isomerism if, 

(a) all groups attached to C — atom are same. 

(b) two groups attached to C — atom are different 

(c) three groups attached to C — atom are different 

(d) four groups attached to C — atom are different. 
(ii) Isomers of a substance must have the same 

(a) structural formula . (b) physical properties 

(c) chemical Properties — (d) molecular formula. 
(iii). Tetrahedral nature of bonding in carbon atom was first shown by 


(a) Kekule (b) Уап Hoff and Le Bel 
(c) Lewis (d) Wohler. 

(iv) Which of the followings is Loser to bond angle in ethylene molecule ? 
a) 90° b) 109° 5! (с) 180 d) 120° 


(V) In the series, ethane, ethylenc and acetylene the C-H bond energy is: 
(a) greatest in ethane (b) nearly the same in all the three compounds 
(c) greatest in ethylene (d) Breatest in acetylene. 


(a) pentane (b) propene 
(c) 2-butene (d) ethane 


(b) delocalization of pi electrons 
A 1 (4) migration of protons, 
(viii) When the solution of a substance Totates, the plane of plane polarized light to the left 


(a) dextro rotatory (b) laevorotato, 
› (c) | racemic mixture (d) optically inactive. 
(ix) Which of the following statements is wrong ? 
(a) a pi bond is weaker than a sigma bond. 
а sigma bond is weaker than a pi bond 
(c) a double bond is stronger than a single bond. 
(d) а covalent bond is stronger than a H-bond. 


(x) Benzene is essentially à resonance hybrid of the two kekule Structures, Hence, 
(а) half of the molecules correspond to one Structure, and the other half to the 
Second structure. 


(b).an individual benzene molecule chan 
(c) at low temperatures, benzene can be 
(d) the two structures make equal contrit 


ges back and forth between two structures. 
Separated into the two Kekule’s structures. 
bution to the resonance hybrid. 
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162 Fill in the blanks 
(i) Organic compounds in which the carbon atoms are linked in open chains are 


called... compounds, whereas those in which they are linked 
together in a special unsaturated ring arrangement are called .................... 
compounds. 


(D): are compounds that have the same molecular ormula but different 
structural formulae. 

(iii) The common C — C bond in which there is end-to-end overlap of the orbitals 

«is ealled a-.......... bod; whereas additiondf — C bonds obtained from lateral 

(sidewise) overlap of orbitals аге called .......... 

(iv) Compounds with .......... carbon atom exist in two forms whose molecules are 
mirror images or enantiomers. 

(v) Enantiomers rotate polarized light in opposite directions and are called .......... 

16.3 Indicate by writing true(T) / false (F) against each sentence. 

(i) Pi electron cloud of benzene provides stability to the benzene ring. 

(ii) Electron in ^ orbitals are not accessible to electron secking reagents 
(electrophiles). 

(iit) Benzene is a planar, symmetrical molecule, with each carbon atom lying at the 
corner of a regular hexagon. 

(iv) Superimposable mirror images are termed enantiomers. 

(у) The alkenes are generally chemically more reactive than the alkanes. 

(vi) The chair form of cyclohexane is less stable than its boat form. 

(vii) Achiral objects are those which are superimposable on their mirror images. 

(viii) In the eclipsed conformation of ethane all the C — Н bonds of one methyl 
group are aligned with those of the second, 


SHORT ANSWER QUESTIONS 


164 (i) What is meant by electron delocalization in benzene ? 
(ii) What is a racemic mixture ? How does it differ from meso forms of the 


molecule ? 
(iii) What are the types of bonds present in alkenes and alkynes ? 
(iv) What are conformers ? 
(v) What is a chiral molecule ? 


TERMINAL QUESTIONS 
16.1 What is meant by isomerism ? Describe the various types of isomerism. 
162 Give the structural formulae and names of the isomers with the molecular formula (a) 
C5H 9 and (ii) CSHg. 
163 Give the structural formulae of the following cycloalkanes;(i) cyclopropane, (ii) 
cyclobutane, (iii) cyclopentane, and (iv) cyclohexane. 
164 Write a detailed note on the strain theory applied to cycloalkanes. 
16.5 Discuss the structure of benzene 
16.6 (a) Cis-trans isomerism is encountered in olefins and cycloalkanes. Explain. 
(b) How many structural isomers are possible for C4Hg? Which will show 
geometrical isomerism ? 
16.7 Which of the followings will show geometrical isomerism ? 
(i) 2-pentene, (ii) 1-chloropropene, (iii) 1-chloro-2methyl-2-butene, (iv) 1-pentene. 
16.8 (a)Is it proper to say that absolutely free rotation exists in carbon-carbon single bond ? 
Why 
© (b) T КЕ and cycloalkanes: have the same general formula. In what important 
"ways they differ in their structure ? 
16.9 (a> Is it correct to say that benzene is saturated ? к 
(b; Explain why was it difficult то: assign a structure of benzene in agreement with 
its properties ? x 
16.10 Draw the chair and boat conformation of cyclohexane. 
1611 Pick up the primary, secondary and tertiary carbons іп the followings 
2— Methyl — 3— ethylhexane; 3,3,4 — Trimethylheptane; 3— Isopropylhexane. 


16.12 Account for the following observations: 
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(i) Carbon-carbon bond length in ethane is 154 pm. 
(ii) Carbon-carbon bond length in ethylene is 134 pm. 
(її) Carbon-carbon bond length in benzene is 139 pm. 


ANSWERS TO SELF ASSESSMENT QUESTIONS 
161 (i)d, (ii) d, (iii) b, (iv) d (v) b (vi) c (vii) b (viii) b (ix) b (x) d 
162 (i) aliphatic; aromatic (ii) isomers, (iii) sigma; pi (iv) asymmetric (у) optical isomers 


163 (i) T (ii) F (iii) T (iv) F (v) T (vi) F (vii) T (viii) T 


described as delocalized and arc represented as an annular cloud of electron 
density above and below the planc of the molecule. 
(ii) A mixture of equal quantities of the (+) and ( — ) forms is optically inactive and 
‘is called a racemic mixture and. is, designated by the (+) sign. They can be 
Separated. The process of separation is cated resolution. 
Certain molecules with chiral centres show a non-chiral configuration. They 
have a plane of symmetry. These stereoisomers are called the meso forms. 


They cannot be resolved into optically active enantiomers. 


other without affecting the © bond. The different structures which are 
obtained by this rotation are called conformers. 


(v) A compound with an asymmetric carbon atom is said to Possess chiral centre, 
and hence, a chiral molecule. 
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UNIT 17 
Preparation and Properties of 
Hydrocarbons 


Most of the substances belonging to our globe are constantly undergoing 
alterations in sensible qualities, and one variety of matter becomes as it were 
transmuted into another... 

Such changes, whether natural or artifical, whether slowly or rapidly 
performed, are called chemical; thus the gradual and almost imperceptible 
decay of the leaves and branches of a fallan tree exposed to the atmosphere, 
and the rapid combustion of wood in our fires, are both chemical 
operations... 

The object of Chemical Philosophy is to ascertain the causes of all 
Phenomena of this kind, and to discover the laws by which they are 
governed. 

SIR HUMPHRY DAVY (1812) 


UNIT PREVIEW 

171 Introduction 

172 Sources of hydrocarbons : origin of coal and petroleum, hydrocarbons from coal and 

petroleum, cracking and reforming, octane number. 

173 Laboratory preparation of alkanes 

174 Laboratory preparation of alkenes 

175 Laboratory preparation of alkynes 

176 Physical properties of alkanes 

177 General nature of organic reactions 

178 Chemical reactions of alkanes 

17.9 Properties and reactions of alkenes 

1710 Properties and reactions of alkynes 

1711 Reactions of arenes : (aromatic hydrocarbons) 

1712 Orientation in electrophilic substitution 

LEARNING OBJECTIVES 

At the completion of this unit, you should be able to: 

Describe the sources of hydrocarbons 

-Define hydrocarbon, alkane, alkene, alkyne in veri 

Differentiate between aliphatic and aromatic hydrocarbons. 

окр the principles and ж сс of isolation s Бато from coal and petrolew. 
escribe the industrial processes of preparing hydrocarbons. — 

Describe the laborator ШЕ, M for preparation of aliphatic aed a; 

Correlate the general trends in physical properties of hydrocarbons with & ps у : 

Describe a few important chemical reactions of hydrocarbons such as substitution, 

addition and oxidation. 

9. Explain the acidic character of acetylene. 


171 INTRODUCTION 77 

The large family of organic compounds containing only the 
elements carbon and hydrogen is appropriately named the hydrocarbons. 
Hydrocarbons are of importance because they may be considered as the 
basis of all the organic compounds. Replacement of hydrogen atom in a 
hydrocarbon by an -OH group gives an alcohol; а-СООН group gives a 
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carboxylic acid. It is the presence of groups such as these in the 
molecules that produces the dominant chemical characteristics of 
substances. A substance is what it is - that is, it behaves as it does 
chemically - because of the presence of one or more functional groups. 
Thus, all organic compounds can be looked on as being derived from the 
hydrocarbons. There are two types of hydrocarbons aliphatic and 
aromatic. 
17.2 SOURCES OF HYDROCARBONS 

Plants and animals continued to be the rich source of organic 
compounds until the beginning of 19th century. In recent years, 
petroleum, matural gas and coal have become the important sources of 
organic compounds, particularly, hydrocarbons. 
17.2.1 Origin of Coal and Petroleum 

Coal is a black mineral of vegetable origin (fossil material). As the 
plants died, they were buried under ground (swampy and marshy in 
nature). The cycles of decay, new growth and decay created vast deposits 
of plant material. In time, carbonization (a process which takes place in 
the absence of air) of vegetable matter took place and coal formed. 
During the course of carbonization, several varieties of coal are formed. 

Petroleum is a mixture of different hydrocarbons (solid, liquid as 
well as gaseous). It has no uses in its raw form. It derives its name from 
the latin words ‘Petra’ (meaning rock) and ‘oleum’ (meaning oil). 

Petroleum (or crude oil) is black viscous liquid with a characteristic 
smell. It occurs under the earth’s crust entrapped in impervious rocks 
(Fig. 17.1). It was formed from the decomposition of the remains of 
marine animals and plants that were buried in the beds of Fig. 17.1 Oil 


Fig. 17.1 Oil bearing rocks 
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17.1 (b) A view of an oil refinery 
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17.1 (с) Offshore activities of the Bombay High 
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17.1 (d) Towers and access elevators in the Process Unit 
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bearing rocks the seas millions of years ago. These animals and plants 
had, by the process of photosynthesis, made sugars and other organic 
compounds that they required to sustain life. During the course of time, 
high pressures and temperatures and bacterial action converted these 
compounds into oil. Similar conditions led to the formation of the natural 
gas that is often found associated with crude oil as well as in deposits of 
its own. 

Over the years coal has proved to be the richest source of energy. 
It affects the economy of a country to a large extent. Coal is found in 
abundance in our country under the earth at the depth of ^ 300 m. The 
big coal mines in our country are in the eastern states of the country, i.e., 
Bihar (Sharia and Bokaro) and West Bengal (Raniganj). Coal mining 
began in India at Raniganj in West Bengal in 1774. After independence 
in 1947, the coal miningindustry was stepped up. The chief coal 
producing countries (other than India) of the world are China, USA, 
USSR, UK, Germany, Poland and Australia. 

The United States of America is the biggest oil producer in the 
world followed by Russia, Venezuela, Mexico, Rumania, Iraq and some 
other middle east countries. India is a poor producer of petroleum. 
Although the oil production in India has been increased considerably 
during the last few years but the demand for petroleum and its products is 
also increasing with the increase in the number of automobiles, 
aeroplanes, diesel engines, tanks, tractors, etc. 


Oil and Natural Gas Commission (ONGC) is the main government 
agency set up in 1956 for exploration and production of oil both from 
on-shore and off-shore areas in the country. Its significantly recent 
achievement is the production of crude oil from ‘BOMBAY HIGH? in 
Maharashtra. Another new Organisation called, Oil India Limited (OIL) 
was established by the government in 1981. Initially, this organisation 
Started its activities in the eastern region of our country but recently 
extended to Mahanadi basion and parts of Rajasthan. 


The chief oil producing centres in India are : Rudrasagar and 
Lakwa in Assam; Ankleshwar and Kalol in Gujarat and Bombay High (off 
~ Shore area). Petroleum is obtained by drilling holes into the earth’s 
crust where the presence of oil is anticipated. The depth of petroleum 
deposits vary from place to place. The oil well has to be drilled until the 


oil-bearing region is reached. The crude oil, thus, obtained is transported 
to refineries where it is processed. 


17.2.2 Composition of Coal and Oil 


Coal is mainly composed of carbon. During the course of 
carbonization several varieties of coal, such as, peat, lignite, bituminous 
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and anthracite are formed. These varieties of coal differ in free carbon 
content. Anthracite (hard coal) may contain as much as 95% of free 
carbon. Bituminous (soft coal) contains about 65% carbon. The various 
compounds present in coal re given in Fig. 7.2 (Unit 7). Crude oil mainly 
consists of aliphatic hydrocarbons with much lesser amounts of aromatic 
compounds and organic compounds of sulphur and nitrogen. 

17.2.3 Aromatic Hydrocarbons From Coal 

Coal is a commercial source of arenes. When coal is destructively 
distilled (i.e., strong heating in the absence of air) four main products are 
obtaining: coal gas, ammoniacal liquor, coal tar and coke. The other 
mataerials obtained from these sources are shown in Fig. 7.2. (Unit 7). 
The residual mass is called coke. 

The volatile ammonia is absorbed in acid which, in turn, is used for 
manufacturing ammonium salts and fertilizers. Fractional distillation of 
coal tar gives various aromatic hydrocarbons (Table 17.1). Coke is used 
as a source of carbon for reduction of metal oxides in metallurgy (e.g, in 
the iron and steel industry). It can be converted to graphite. It is 
avaluable fuel. 

Coal gas is an important fuel. It contains lower hydrocarbons- 
alkanes and alkenes. 


TABLE 17.1 Fractions of Coal Tar 
Fraction Temperature range(K) Composition 
Crude oil(light oil) upto 443 Benzene, toluene, xylene 
Middle oil (carbolic oil) 443-503 Phenol, Cresól naphthalene 
Heavy oil or (cresote oil) 503-543 Methyl and higher alkyl 
benzene, cresols 


Green oil or (anthracene oil) 543-633 Naphthalene, anthracene, etc. 

Pitch — Used for surface roads and in 
the manufacture of asphalt 
roofing. 

Hydrocarbons From Petroleum ( Oil Refining) 

Crude oil or petroleum obtained from the oil well is a complex 
mixture of hydrocarbons. It has no use in the raw form. It is processed in 
refineries. In India, oil refineries are located at Koyali, Bombay, Cochin, 
Vishakhapatnam, Haldia, Barauni,. Guwahati, Digboi and Mathura. 
Refining of Petroleum 

Refining of Petroleum is the process by whicn various useful 
products are separated from water, earth particles present in crude oil. 
To start with, crude oil is washed both with acidic and basic solutions. 
Refining is done by a process known as fractional distillation (Unit 18). It 
is an efficient method of separating petroleum into fractions based on the 
difference in the boiling points of the fractions. 

In fractional distillation, the vapours of the crude oil are made to 
rise through a packed fractionating tower. The vapours of higher boiling 
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point (i.e., less volatile) liquids condense in the lower part while the lower 
boiling liquids (more volatile) condence in the upper parts. Trays are 
fitted at different heights to collect various fractions (Fig. 17.2). The 
fractions obtained can further be fractionally distilled. The list of the 
fractions is given in Table 7.14 (Unit 7). 
‘47.2.5 Cracking and Reforming 
The petroleum fractions with 1 to 12 carbon atoms in the molecules 
“are in great demand in large quantities than the fractions with bigger 
molecules. Keeping in view the increasing demand, techniques have been 
‚ developed to increase the availability of these fractions. 


REFINERY GAS 


Z GASOLINE 
BUBBLE CAP : E 
(EACH TRAY HAS MANY t sj Tie ONE 
BUBBLE CAPS THOUGH 
ONLY TWO ARE SHOWN 


=» DIESEL OIL 


HEATER 


RESIDUE 


CRUDE OIL 


Fig. 17.2 Fractional distillation of petroleum (crude oil) 
Cracking 

The petroleum industry uses pyrolysis (splitting by heat) of high 
molar mass alkanes to give hydrocarbons with smaller molecules. On 
heating, the molecules of alkanes vibrate strongly and finally their C - € 


bonds break to give smaller molecules, one of which is alkene. For 
example, 


Alkane with larger —0K 


Alk 1 
molecules ane with smaller 


molecules + Alkene 
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For example, 


CH3- (CH7)gs СНз CH3(CH2)6CH3 + CH? = CH? 
Octane Ethene 

Such reactions are known as cracking. Thermal cracking is difficult 
to control and give rise to complex product mixtures. By using a catalyst, 
Al,03/SiO2, cracking can be made to occur at fairly low temperatures 
(600-650K). This is known as catalytic cracking. This process is very 
important in petroleum industry. It is used to produce extra gasoline 
from kerosene fraction. Further, cracking tends to produce branched 
chain rather than straight chain alkanes, and therefore, gasoline of high 
octane rating. It is also a source of industrially important alkenes such as 
ethene, propene and butene. 
Reforming 

It is a process in which straight chain and cyclic alkanes аге 
effectively broken up and then reassembled as branched chain molecules 
and aromatic rings. For example, 


С6Н;4(1) CgH,(1) +4Н, (р) 
(Нехапе) Benzene Hydrogen 


Some other catalysts like palladium, platinum or nickel are also 
used. If a platinum catalyst is used, the process is called platforming. 
CH 


670K, Pt А 
Heptane Pi © 


670K,Pt 


Cyclohexane 
The process helps in converting low grade gasoline to high grade 
fuel. 


17.2.6 Aliphatic Hydrocarbons from Coal 
Coke, one of the pyrolysis products of coal, on reacting with steam 
gives water gas. 
© + НО — —— — ——  CO(g) + Hg) 


Coke Steam ext v vere a 
Water gas 


When water gas, mixed with more of hydrogen, is passed over 
heated cobalt or nickel (as catalyst), a mixture of hydrocarbons is 
produced. This reaction is called Fischer-Tropsch reaction. 


CO + H2 ars Mixture of hydrocarbons + H20 
The mixture of hydrocarbons is separated by the usual methods of, 


separation. 
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According to another Process called Bergius Process, powdered 
coal is hydrogenated at 748K at 200-250 atm in the presence of iron oxide, 
when a high octane rating liquid fuel is obtained. 

CH; 748K, Iron oxide 


200-250 atm 
17.2.7 Quality of Gasoline-Octane Number 


Mixture of hydrocarbons 


like to cause less knocking. The Octane rating of 2,2,4- trimythlpentane is 
set at 100 and that of heptane (burns explosively with knocking) at zero. 
A mixture of these two standards has been found to produce the same 
knocking as the gasoline under test, the percentage of iso-octane in this 


Ch- CH;- CH;-CH;-CH;- CH,- CH; 
n—Heptane (Octane number zero) 
CH3 


| 
H3C-C-CH; — CH;— CH, 


Нз 
2,2,4-Trimethylpentane (Octane number 100) 


reaction of combustion, thus, slowing it down and making it smoother. 
Ethylene dibromide Prevents the accumulation of lead in the engine by 
forming lead bromide, which is volatile and is swept away in the car 
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Alongwith lead, gasoline engines discharge other pollutants into the 
atmosphere — carbon dioxide, carbon monoxide, nitrogen oxides, sulphur 
dioxide and unburnt hydrocarbons. Carbon monoxide is very toxic as it 
forms a stable compound with haemoglobin in the blood; making the 
haemoglobin unable to transport oxygen. Accumulation of lead in the 
blood may cause brain damage. Oxides of nitrogen and unburnt 
hydrocarbons take part in the complex sequence of chemical reactions 
that leads to the occurrence of photochemical smog (Unit 12). Efforts 
are on to phase out the use of lead gasoline. Methods to oxidize the 
unburnt hydrocarbons and carbon monoxide to carbon dioxide are being 
tried. 

17.3 LABORATORY PREPARATION OF ALKANES 

Petroleum is the richest source of hydrocarbons including alkanes. 
Some of the lower alkanes are manufactured by cracking of hydrocarbons 
with high molar mass. Some laboratory methods normally used for the 
preparation of alkanes are given in this section. 

17.3.1 From Unsaturated Hydrocarbons by Catalytic Hydrogenation 

When alkenes or alkynes mixed with hydrogen are passed over 
finely divided nickel (or palladium or platinum) at about 570K, they are 
hydrogenated to corresponding alkanes. 


570K Ni 
С„Нә + Нә CaHon +2 
(Alkene) (Alkene) 
570K, Ni 
Example : CH2 = CH3 + H2 СНз — СНз 
Ethylene Ethane 
570K, Ni 
СН ЕСН 
Alkyne 
570K, Ni 
Example: CH = CH + 2H? CH3 — CH3 


Acetylene Ethane 

Hydrogenation reactions are used in the manufacture of vanaspati 
ghee and edible vegetable oils. 
17.3.2 From Alkyl Halides 

The hydrogen in alkyl halides, RX can be replaced by hydrogen 
using a number of methods: 

@) Using Grignard Reagent: Alkyl halides react with magnesium 
metal present in diethyl ether forming alkyl magnesium halides (Grignard · 
reagents). 

СНз — CH? - Вг + Mg 


CH; — CH, — Mg Br 
Diethyl ether 
This compound readily reacts with compounds such as water and 
acids can easily donate protons. An alkane is produced. 
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C)HsMgBr + H,O CH, + Mg(OH)Br 


(ii) Wurtz Reaction: The alkyl halides (preferably bromides and 


iodies) react with metallic sodium in presence of dry ether to produce 
alkanes. 


RX + 2Ns + XR R 
Alkyl halide Alkane 
Example: CH3I +2Na +ICH3 CH3 — CH3 + 2NaX 


Ethane 
This method is suitable for the preparation of symmetrical alkanes. 


A mixture of products is obtained when two different alkyl halides are 
taken. Thus, if one wants to prepare propane, a mixture of methyl iodide 
and ethyl iodide in equimolecular proportions are reacted with sodium. 
This will not only product propane but will also produce ethane and 
butane along with it. 
ЕНЕ ONARE TCH — ing CH, — СУН; + 2Nal 
Ргорапе 


R + 2NaX 


CH3I + 2Na + ICH, ————_____, CH; CH, + 2Nal 
Ethane 
СНД + 2Na + ICH; —————  , GH, — CH, + 2Nal 
Butane 


Now to get pure Propane, mixture is to be separated. Hence, this 
method is of limited use in the laboratory. The reaction is more useful to 
Prepare alkanes with odd numbers of carbons as a mixture of 
hydrocarbons is obtained. 


RX +H, — RH + HX 
Alkyl halide Alkane 


Example: C2H5Br + 2HI ——____, Сне + НВг + 12 
Ethyl bromide Ethane 


2P +32 — — — ——, 2р, 
Pd 
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17.33 From Carboxylic Acids 

Two methods are usually used for the preparation of alkanes from 
carboxylic acids. 

(i) By Decarboxylation : The removal of СОО” is termed 
decarboxylation. The sodium salts of alkyl carboxylic acid (where R = 
alkyl group) on heating with soda lime (NaOH + CaO) are 
decarboxylated to give alkanes. 


RCOONa + NaOH(CaO) RH + Na2CO3 
(Sodium salt of fatty acid) (Soda lime) Alkane 
Example: CH4COONa + NaOH(CaO) CH, + Na,CO3; 
Sodium acetate Methane 


(ii) By Kolbe’s Electrolytic Method : When an aqueous solution of 
sodium or potassium of salt of monocarboxylic acid is electrolyzed, a 
higher alkane is obtained at the anode. 

2R COONa —— ы ТУО ENA 

Sodium salt of 


monocarboxlic acid 
(two molecules) 


(at anode) 

174 LABORATORY PREPARATION OF ALKENES 

Natural petroleum and gas, together with coal, provide much of the 
world’s requirement of organic chemicals in general and hydrocarbons in 
particular. Alkenes are the important compounds. They are used in 
manufacturing a large number of organic compounds. They are generally 
synthesized by elimination reactions. In the course of such reactions the 
elements of a smaller molecule are eliminated from a single larger 
molecule. For example, 


—H20 
CH,CH,0H ——77 m CH; = CH2 


Here, elimination of water from alcohol results in the formation of 
ethylene. This reaction is catalyzed by strong acids. 
17.4.1 From Alcohols 

In the laboratory, alkenes are formed by heating ethanol with conc. 
HoSO, at 443K. It is also named as dehydration of alcohols. The 
dehydration of alcohols is an important general method for the laboratory 
preparation of alkenes. 
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The dehydration may be carried out by either (a) heating with conc. 
sulphuric acid at 443K or (b) passing the alcohol vapours over alumina, 
Al,03 at 623—673K. In place of sulphuric acid, H3PO, can also be used. 

The ease of dehydration of the alcohols is in the order : 

Tertiary > Secondary > Primary 


The reaction is believed to proceed by initial formation of a 
protonated alcohol, which dissociates into water and a carbonium ion, the 
carbonium ion, in turn, loses a proton to yield an alkene. 


+Ht + -H20 +-Ht 
CH3CH20H——CH3-CH?— ОН: —э(СНз-– CH2) —CH2-CH? 
Alcohol Protonated alcohol ^ Carboniumion Alkene 


In the cource of dehydration, different products may be obtaind 


depending on the reaction conditions. For example, when dehydration is 
effected at 383K 


C;H,OH + HSO 4 C;H,O SO,0H + H,O 
Ethy: alcohol Ethyl hydrogen sulphate 


Ethyl hydrogen sulphate can be distilled under reduced pressure to 
obtain diethyl sulphate. 


2C,H, OSO,0H (C,H,O),SO, + HSO, 
Ethyl hydrogen sulphate Diethyl sulphate 


In the course of dehydration, if the temperature used is below 413K 
and the amount of alcohol used is more than one equivalent of H2SO4, 
then one molecule of water may be eliminated per two molecules of 


alcohol, to yield ether. 
413K 
C,H;0SO,0H С›Н;О CH, + H5SO, 
Ethyl hydrogen sulphate Ether 


When heated to 433 
changed to ethylene, 


CHsOSO.0H —433—43_, CH, CH, + но, 


—443К in the present of more of H2SO,, it is 


conc. H>SO, 
Ethyl hydrogen sulphate сац Ethylene 
443K 
or R CH2CH20H —— — . R.C-C-H HO 
Conc. H2504 нн 
Alcohol H H 
Alkane 


Catalytic dehydration is carried out by passing vapours of alcohol 
on heated alumina or kaolin at 623 К. 
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Al205, 623K 


RER CH, = СН, + H,O 
ПАНЫ», GER. 623K + H20 
Cyclohexanol Cyclohexene 
17.4.2 From Alkyl Halides 


When heated with alcoholic solution of potassium hydroxide, 
hydrogen halide is removed from alkyl halide giving alkene. 
нча 


R= l- Ў — Н + KOH (Alcoholic) —» D ih Gk + KX +H,0 


H H H H 
Alkyl halide Alkene 


Because a molecule of HX is lost, this reaction is called 
dehydrohalogenation. This is also termed as elimination reaction as 
small molecule like H20 or HX is lost in the reaction. 


The structure of alkyl halide is also an important factor. 
Compounds with primary alkyl groups usually give very little alkenes, 
whereas secondary and tertiary halides, which give highly branched 
alkenes, give good yeilds. 


KOH 
Example: CH, СН, -. CH-CH;— 5. сн, CH CH <€H, 
2 — butene 
r 
2-Bromobutane ў 
(A secondary alkyl halide) 
KOH 
Example : (CH3); — C - Br——— — ——— (СНз), - € = CH; 
2— Bromo — 2 — methylpropene 2-Methylpropene 


(A tertiary alkyl halide) 

Treatment of dihalogen alkane with alcoholic KOH may lead to an 
alkyne, although, again yields are not high in the case of simple alkynes 
like ethyne. 

17.4.3 Dehalogenation of Vicinal Dihalides 

VA vicinal dihalide is a compound which contains two halogen 
atoms present on two adiacent carbon atoms. Such compounds on 
heating with zinc dust gives alkenes. 
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Example : CH2 — CH2 + Zn 84" __, CH; = CH; + ZnBr, 
| 


| 
Br Br 


17.5 LABORATORY PREPARATION OF ALKYNES 

Acetylene is the most important member in the series. In the 
laboratory it is obtained by the action of water on calcium carbide. 

CaC, + 2H, ————> CH = CH + Ca(OH), 
Acetylene 

17.5.1 Dehalogenation of Vicinal Dihalides 

Vicinal dihalides on boiling with alcoholic potash give acetylene 
and higher homologues. 

X 


X 
к-Б-[-н + 2KOH(Alchoholic) —— R-C= С-Н +КХ + 2H20 
H Alkyne 


1,2 — Dibromo alkane 
Br Br 


Example : CH; — à = E —H+2KOH—> СНз-С= CH + 2KBr + 2H,O 
| l (Alcoholic) Propyne 
17.5.2 From Acetylene 


Higher homologues are generally prepared from acetylene. For 
this acetylene is first treated with sodium metal in presence of liquid 
ammonia when sodium acetylide is produced, which on treatment with 
alkyl halide yields higher alkynes. 


CH = CH + Na (in liquid ammonia) — CH = C: Na* + „н; 
Acetylene Sodium acetylide 
CH = C:Na* + RX——— RC = CH + Мах 
Example: CH = CNa + C2Hs] ———— CH = C — C2H5 + Nal 
1—Butyne 

17.6 PHYSICAL PROPERTIES OF ALKANES 

The alkanes form a homologous series and the members show a 
gradual change in physical Properties as the number of carbon atoms in 
their molecules increases. This has already been seen in the distillation of 
crude oil which is chiefly composed of alkanes. Some properties of 
individual straight chain alkanes are given in Table 17.2. 
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TABLE 17.2 Physical properties of straight chain alkanes 


Molecular formula TUPAC State at Boiling Melting Densjty 
name 398K point, K point, K g/cm 
CH4 Methame gas 112 90 0.424 
СН; Ethane gas 184 101 0.546 
C3Hs Propane gas 213 85 0.501 
САН Butane gas 273 138 0.579 
СН} Pentane liquid 309 143 0.626 
CéHg4 Hexane liquid 342 178 0.657 
СН Нер!апе liquid 371 182 0.684 
CgHig Octane liquic 399 216 0.703 
Сәнә Nonane liquid 424 219 0.718 
СН» Decane liquid 447 243 0.730 
CoH Eicosane solid 617 310 0.785 


Alkanes are non-polar in nature. They are entirely covalent in 
nature. Lower members are volatile. The molecular mass determines the 
volatility of hydrocarbons with the lower members being gases at room 
temperature and the higher members becoming liquids and solids. Their 
boiling and melting points rise with increasing molecular mass. 


Boiling Point : Table 17.2 shows that for the lower members, a 
difference of CH2 corresponds to an increase of about 20 to 30 K in their 
boiling points. 


We know that alkanes are non-polar compounds having weak van 
der Waalsforces of attraction between their molecules. These forces act 
along the surface of molecule and their magnitude increases with increase 
in surface area. As the molecular size of alkane increases its surface area 
increases, thereby an increase in the degree of van der Waalsforces is 
expected. АШ these factors together explain the increasing trend of 
boiling point for the homologous series. It is seen that isomeric forms of 
alkanes show small differences in their boiling points. Generally, 
branched chain isomers have lesser boiling points than the corresponding 
normal isomers. For instance, the boiling points of normal pentane and 
isopentane, are 309 and 301K respectively. This is because of the fact that 
the branched isomers are comparatively more spherical in shape than 
unbranched chain hydrocarbons and thus, the attractive forces being 
more restricted between molecules. The boiling points of a unbranched 
chain alkanes are plotted against the member of carbon atoms in Fig.’ 
IAS: 
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BOILING TEMPERATURE (K) 
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Fig 17.3 Variation of boiling points of hydrocarbons 


Alkenes, alkyunes, cycloalkanes and arenes also exhibit similar 
trends in their boiling points. However, unsaturated hydrocarbons 
possess somewhat higher boiling points than the corresponding saturated 
hydrocarbons due to greater polarisability of their molecules. 


Melting Point: In general, the melting point increases with an 
increase in the chain length of the carbon atoms in alkanes. However, an 
alkane with an odd number of carbon atoms has a lower melting рош! 
that an alkane with an even number of carbon atoms. (Fig. 17.4) This is 
due to the fact that the intermolecular forces in a crystal depend not only 
on the size of the molecules but also upon their arrangement in the crystal 
lattice. It may be pointed here that the carbon atoms in alkanes do not 
form straight chains but form rather zig-zag chains. In normal alkanes 
with even number of carbon atoms, terminal methyl groups are present on 
opposite side of the zig-zag chain. On the other hand in normal alkanes 
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with odd numbtroftarben atomsérminal methyl group are present оп 
the same side of the chain as shown занд 
ат CH2 CH2 


NN NA 2 


br H2 CH3 CH2 H2 CH2 
n-Hexane (even pe ofcarbon п-Неріапе (odd eene of carbon 
atoms) (Terminal methyl groups atoms) (Terminal methyl groups 
on opposite side of zig-zag chain) оп same side of the zig-zag chain) 

Probably, alkanes with odd number of carbon atoms to do not fit so 
closely in the crystal lattice as the alkanes having an even number of 
carbon atoms do. Consequently, lower energy is required to break the 
crystal structure of such alkanes. 
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Fig. 17.4 Melting points of ,atkanes 
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Alkenes and alkynes also exhibit more or less similar trends in their 
melting points. However, in case of alkenes, which exhibit geometrical 
isomerism, the less symmetrical cis isomers have lower melting points than 
the corresponding more symmetrical trans forms. For instance, the 
melting points of cis 2-butene’and trams,2-butene are 134.1K and 167.4K 
respectively. This is also due to the fact that the more symmretrical trans 
forms adopt compact crystal lattice. Symmetrical arene molecules Having 
higher melting points. For instance, for the three xylenes (O—, m — and 
р —) the most symmmetrical para iso er has the highest melting point. 


For toluene, the methyl derivative of the highly symmetrical 
benzene molecule is drastically lower, i.e., m.p. of C6H6 = 278K; m.p. of 
C6HsCH3 = 178K. 


Solubility. Being covalent in character, the hydrocarbons art 
soluble in non-polar solvents like СН, СНСІз, СС etc. They art 
insoluble in polar solvents like water. This is in the conformity with the 
saying "like dissolves like". The liquid hydrocarbons themselves are good 
solvents for other non-polar substances. They are non-conductors ol 
electricity in solution or molten or vapour state. 


Density: The density of alkanes increases with increase in the size | 
of the molecule (Fig. 17.5) but reaches the limiting value of about 800kg 
m? (0.8g cm’). They are less dense than water: oil floats on water. The 
higher members are viscous liquids; the viscosity increases with increasing | 
molecular mass as the attractive forces between molecules increase. 
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Fig. 17.5 Densities of п — alkanes 
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177 GENERAL NATURE OF ORGANIC REACTIONS 
17.7.1 Nature of Bond Fission 


Most of the organic reactions involve the breaking of bond. It 
depends upon the nature of the covalent bonds. A covalent bond 
between two atoms, say X and Y of a compound X—Y can be broken in 
two possible ways. 

(i) Homolytic fission involves in the breaking of a covalent bond so 
that each atom retains one of the two electrons of the shared pair. 


X:Y UM. хү 
sion FREE RADICALS 

These neutral entities are highly reactive particles and they are 
known as free radicals. Free radicals are very short-lived. They have a 
strong tendency to attract an ciectron from another atom or molecule, 
reforming an electron pair. 

(ii) Heterolytic fission involves the breaking of a covalent bond in 
such way that both the shared electrons are carried away by one of the 
atoms. This atom will then acquire a net negative charge, while the other 
atom in the bond will acquire a positive charge. 

X:YeXz or Y* 

Carbon atom carrying a positive charge is called carbonium ion and 

such an ion has only six electrons in the valence shell. For example, 


H А н 

нс: а ЗАВ шы +H? 
ВС fission : «t 
H H 


(Carbonium ion) 


Carbon atom carring a positive charge is called carbaniun ion and 
such an ion has only six electrons in the valence shell. For example, 


H ў H 
HC cuo Fte py: &Өсно+н® 
an Fission ee. 
H (Carbanion) 

Carbanions constitute important reactions intermediates in organic 
chemistry. 
17.7.2 Nature of Reagents thier 

(i) Electrophilic reagents : For a large number of reactions it is 
convenient to call one of the reactants as substrate and the other as - 
attacking reagent. Reagents which are deficient in electrons and take a 
pair of electrons from the substrate are called electrophilic reagents or 
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electrophilies (electron- loving). Electrophilic reagents are of two types: 

(i) Positive electyrophiles, and (ii) neutral electrophiles. The 
positive electrophiles are those which carry a +ve charge, eg, Н+, CI+, 
NO2*3C* etc The neutral electrophiles do not carry positive charge, 
e.g, BF3, AlChb, 503, еіс. When a substrate is attacked by a +ve 
electrophile, a neutral molecule is formed. 


Еа а ААДА -[-x 


Neutral molecule 
With neutral electrophile, a —vely charged molecule is obtained. 


ЭЕ ашау в 


—vely charged molecule 
(ii) Nucleophilic reagents : Reagents which are rich in electrons 


deficient substrate are called nucleophilic reagents or nucleophiles. 
These are of two types: (i) negative nucleophiles, and (ii) neutral 
nucleophiles. Negative nucleophiles have an electron pair and are 
negatively charged, e.g., CH; X; CN; NH7, etc. Neutral nucleophiles 
have an electron pair but no -ve charge, e.g., :NH3, H20;, R3N:, etc. 

The two types of nucleophiles exhibit the following reactions: 


yaa recap Ale айд х 


— ve nucleophile neutral 


Neutral nucleophile +уе molecule 
17.7.3 Types of Reactions 

The organic reactions can be conveniently classified into following 
four categories: 

(i) Substitution reaction involves the replacement of a hydrogen 
atom or some other group of a molecule by another atom or group 
without causing any basic change in the structure of the remaining part of 
the molecule. The new atom or group which enters the molecule is 
known as "substituent" and the product so formed is known as 


"substitution" product. For example, 
H—C—H 4 Ck >H D + HCl 


1 H 
(Substituent) (Substitution product) 


834 


The substitution reaction may be an electrophilic or nucleophilic 
type depending upon whether the attacking reagent is electrophilic or 
nucleophilic in nature. The electrophilic substitution reactions are 
generally represented as Sp; while the nucleophilic substitution reactions 
are represented as SN. 

(ii) Addition reaction involves thc formation of a product by the 
combination of two or more reacting substances. In addition rcactions, 
one of the reactants always contains a double or triple bond in its 
molecule. For example, 


CH? = CH? + Ch CH - сы 
Ethylene 1 а 
Ethylene dichloride 
CH = CH + Ch ———>CICH = CHCI ———» Cl CH - CH- Cl 
Acetylene Acetylene dichloride 


1 
Acetylene tetrachloride 
(iii) Elimination reaction involves the removal of atoms or groups 
of atoms from a molecule yielding compounds containing double or triple 
bonds. For example, ў 


CH2 — CH? + KOH —— —— ——— СН = CH2 + KBr + H20 
(Alcoholic) Ethylene 


Ethyl bromide 


(iv) Rearrangement reaction involves the shifting of a functional 
group from one atom to another or complete rearrangement of the 
carbon atom chain to form a new product. For example, 


575K, AICl3 
CH3—CH2—CH2—CH2Br снуна 
1 — Bromobutane о 


17.8 CHEMICAL PROPERTIES OF ALKANES 

Alkanes contain strong sigma single bonds between carbon-carbon 
and carbon-hydrogen atoms. They are quite inert towards common 
reagents such as acids, alkalis, oxidizing or reducing agents, etc., under 
ordinary conditions. Under strong conditions, however, alkanes do 
undergo a few reactions. Some of such reactions are described below: 
17.8.1 Substitution Reactions 

Some of the substitution reactions of alkanes are : 

(a) Halogenation : When alkanes react with halogens (chlorine or 
bromine) in the presence of diffuse sunlight (or untraviolet light) at high 
temperature (520-670K) or in presence of a halogen carrier (like iron), 
the H atoms of alkanes are successfully replaced by halogen atoms, e.g., 
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Ultraviolet light 


CH, +С} ———___=_, CH3CI + HC 

(Methane) ^ or Heat Chloromethane or methylchloride 

CH3Cl + Ch СНС + НСІ 
Dichloromethane ог methylene 
chloride 

CHC + 'Cph——— E CHCl + HCl 
Trichloromethane or chloroform, 

CHE +.Ch ——— — СС + HCl 


Tetrachloromethane or carbon 
tetrachloride 


The reaction of alkanes with flourine is explosive and violent, 
whereas with iodine it is reversible, 


CH4 + In CH3I + НІ 


oxidizing agent such as iodic acid, nitric acid, etc, which oxidize the 
hydroiodic acid to iodine. 
ати Ау ето саа 312 + 3H20 
The reactivity of halogens towards alkanes follows the sequence 
Flourine >> Chlorine > Bromine >> Jodine 
Violent reaction 


isomeric halogen derivatives. For example, propane on chlorination gives 
a mixture of 1—chloropropane and 2— chloropropane. 
M CHs- CH? - CHCl 


1—Chloropropane 
—HCI prop 
CH3- CH?- CH;CI : 


Propane 


> CH3-CHCI-CH3 
2— Chloropropane 
It may be pointed here that different classes of hydrogen atoms, i.e., 


tertiary, secondary and primary hydrogen atoms are substituted inthe 
following order. 


Tertiary(T) > Secondary ($) > Primary (P) 


To Whee bp 
CH; - CH - CH; - CH, 
| 


CH3 
Isopéntane 


Thus, Propane on reacting with Cl; gives mainly 2—chloropropane. 
Mechanism of halogenation involves the following steps: 
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(1) Chain Initiation Step : Since the reaction between methane and 
chlorine takes place either in the presence of ultraviolet light or organic 
peroxide (or at 520K), it is believed that halogenation is initiated by the 
homolytic fission of the chlorine molecules into chlorine atoms. Energy 
(243kJ) required for this step is supplied by ultraviolet light or by heat. 


(i) ‘Ci & ©: + һу (епегру) a t © : (Initiation) 


orCl2 + hv Ci + Cl 


: н . Chlorine free radicals 
Chlorine free radicals bearing high energy are formed by the 


breaking of covalent bond in the Cl? molecule. 

(I) Chain Propagation Step : Chlorine free radicals remove a 
hydrogen atom from methane forming hydrochloric acid molecule and 
methyl free radical. 


H H 
| 2 |, 

(ii) H—C—H + СГ ——— Н-С' + HCI 
| 
H H 


Methyl radical 3 
The methyl radicals so produced are also very reactive and react, in 


turn, with chlorine molecules forming methyl chloride and free chlorine 
radicals. 


(iii) CH, + Cb Cl’ + CH3CI 

Thus, in reactions (ii) and (iii) one free radical is used up and 
another is formed which can react to generate more free radicals. Such a 
reaction is called a chain reaction or the propagation step. 

As the reaction proceeds the chlorine free radical can also react 
with methyl chloride molecule to yield hydrogen chloride and substituted 
methyl radicals. 

(iv) СЇ + CHCl CH4CI' + HCl 

The substituted methyl radical, thus, produced reacts with another 

molecule of chlorine to form methylene dichloride and chlorine radicals. 
(v) СН›СЇ + С, CHCl, + Cl 

The process may continue until all the hydrogen atoms are 

substituted leading to the formation of carbon tetrachloride. 


(vi) СНС + Cl” CHCl, + НСІ 
(vii) СНСЬ + Ch CHC + Cl 
(viii) CHCl, + Cl’ СС} + HCI 


(ix) CC + Ch | ———— — ССЦ + Cl 
(III) Chain Termination Step : The chain reaction comes to an end 
when free radicals combine with each other and do not form new free 
radicals. 
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AY CT + CE ———— Ch 
(x). Cl CH, = CH3CI 
(xii) CH; + CH; — — — CH;- CH, 
(b) Nitration : Nitric acid has no action on lower alkanes. When 
hexane is heated with fuming nitric acid for 48 hours, about 10% of the 
hydrocarbon is converted to nitrohexane. 


СНз -H + НО; = NO, 


"== ~ 


CsH3NO> + HO 
: Nitrohexane 
Recently, the "vapour-phase nitration process" has been developed 


for nitration of alkanes other than methane. For example, when ethane is 
mixed with nitric acid vapours and heated to 675K, nitroethane is formed. 


СУН; ІН + НО – NO; a C2HsNO2 + H20 
? nitroethane à 
Some nitromethane (CH3NO») is also produced along with 
nitromethane, 
(c) Sulphonation : Alkanes, hexane onwards, react with fuming 
sulphuric acid at high temperatures to form alkane sulphonic acid. 
в -[H + HO]-sosu IE, 
eL SAPE Alkane S но id 
Example : C6H4 + Н50, (fuming) PK, сың он + HO 
Hexane 


Sulphonic acid 
17.8.2. Oxidation 


Alkanes are quite unreactive but these, however, can be oxidized. 
The nature of the products formed depends upon the oxidizing reagent 
and the conditions of the reaction. 

Combustion (burning in excess of oxygen) is the important reaction 
of the alkanes. They burn with a blue flame forming carbon dioxide and 
water. 

CH4(g) + 2008) — — €O,(g) + 2H,0(1) AH = .go0k/mol т! 

Liquid alkanes like octane burn only in vapour forms. 
2CsHis(g) + 2502(g)—+ 16CO»(g) + 18H20(1) А Н =—5510kJmol~? 

This reaction takes place in the internal combustion engine. 

Normal alkanes may be oxidized under suitable conditions (in 
Presence of a catalyst, high temperature and pressure) to alcohols and 
aldehydes. For example, catalytic oxidation of methane leads to the 
formation of methyl alcohol and formaldeyde. 

CH, + o, 4K, Cu tube, OHOH 
100 atm Methyl Alcohol 
CH, + 0, 760K, Molybdenum oxide 


0 atm CH30H 


ELS ù 


CH,OH——+ CHOH), ———* HCHO 
hyde 


Unstable Formalde 
Aldehyde (or ketone) can be further oxidized to an acid and finally 
to carbon dioxide and water. 
C д \:: _. сиң» нсно-10!. нсоон 21 CO; + H20 
Methane Meth Formadetyde Formic acid 
They can undergo partial oxidation under appropriate conditions 
and yield important industrial products. 


1800K 
6CH4 + O2 2CH = CH + 10H? + 2CO 
Acetylene 
1125K, Ni 


CH4 + HXO————> CO +3Н2 
Elementary carbon in the form of carbon black (used in the type 


industry, printing ink) is produced in incomplete combustion of natural 
gas. 
17.8.3 Pyrolysis (Cracking) 

When the alkanes are heated to 770-875K they decompose. This 
reaction is called cracking. The nature of product depends on the 
structure of alkane, presenee of a catalyst, pressure and other reaction 
conditions, For example, propane decomposes at 737K as follows: 

— C2H4 + CH4 (5596) 


Eth 
Cis сњ - CHs © ee = 
эне Ha( 45%) 


The cracking process is believed to proceed by a free radical 
mechanism as shown below: 

CH3CH2CH3 CH, + CH2CH3 

СНЗ + ‘CH2CH3 CH4 * CH? = CH2 

Note: Some of the important chemical reactions of alkanes arc 
summarized in Table 17.3. Tale also includes a few important methods 
of preparation. - 
179 PROPERTIES AND REACTIONS OF ALKENES 

Physical properties of alkenes like melting and boiling points, 
densities, solubilities, etc., are similar to those of corresponding alkanes. 
The alkenes with C2 and C4 are gases: Cs- Cis liquids; and C16 onwards, 
solids at room temperature. 


a strongg bond, and a weak pi(x}bond. The electrons of thes bond are 

delocalized. This lends the double bond a property of polarizability. 

Thus, in presence of an attacking agent of alkene molecule undergoes 
839 


Table 17.3 
Und Unc УИ v Е DOM ERE TT ——————— 


l. Hydrogenation of alkenes 


H2 
CaH2n —> СН 
Pt or Pd 
2. Hydrolysis of a Grignard reagent 


H20 
R-MgX —> к-н 


3. Reduction of haloalkane- 
Zn.H* 


R X——> R—H 
LC a Ls, CREME XI——— —— —— 
SE Sa np Esse А [Үйү rere — 


= = Se eee 


1. Halogenation 
Б R 


1 
RR *X)——R—C-H + HX 
1 or light ] 


(Usually a mixture) 
or Reactivity X? = Ch»Br, 
C —H : tertiary » Secondary > primary > CH3-H 
2. Combustion 
3n41 Flame 
CoH, quis Ley Ox(excess) —> nCO? + (n+1) НО + heat 
3. Pyrolysis or cracking 


Alkane —* CH2 + Smaller Alkanes + Alkenes 


4. Alkylation 
ў R R 298 K 
x / conc. H2SO4. ГТ 
£ = Q+ R—H Ae ib gs a: 
R R HR 
5. Isomerization ма СНз 
Чн сетом она аео E 


Ї 
CH3 "Кек! 
electromeric effect whereby a pair of electrons 


eric ci transferred to опе of 
the two carbon atoms and a negative Charge is produced on one carbon 
atom and a positive charge on the other 


NNUS “® 3 


ne C= ^ dens iy NA 
The molecule, thus, develops charaged centres by virtue of which it 
readily attacked by Various reagents, In general, alkenes give the 
reactions of the type given in Section 17.9.1 
17.9.1 Electrophilic Additions Reactions 


Akkenes readily undergo additions with electrophilic reagents. 
(i) Addition of Hydrogen : Hydrogen in the presence of Pt, Ni, Fe, 
etc, as a catalyst, adds to carbon-carbon double bond. 


840 


о П !S— cn 


475 — 525K 

CH? = CH) + Ho—Nreatalyst — CH3- CH, 

Ethylene Ethane 

Vegetable ghee is manufactured by the hydrogenation of vegetable 
oil which contains unsaturated hydrocarbons. 

(ii) Addition of halogens : Alkenes react with halogens to form 
dihalides. The order of reactivity is chlorine > bromine > iodine. The 
reaction is carried out by taking two reactants, usually in an inert solvent 
like carbon tetrachloride. For example, 

CH; = CH; + Br; ———» CH2Br— CH2Br , 
Ethylene dibromide 

Addition of bromine is extremely useful for the detection of the 
carbon-carbon double bond. When a 5% solution of bromine in CCly is 
added to an alkene, it is decolourized. 

Mechanism : A halogen molecule is non-polar. However, it 
becomes polarized on collision with the negatively charged electron cloud 
of carbon-carbon double bond. 

This polarized molecule approaches the ethylene molecule forming 
a transition complex "A UA as shown below: 

T 


& = s EM - J 


Н, — CH3 - Br + ВІ 
Carbonium Jon |. 
The bromide ion produced then attaches to the Деу charged 


carbon atom to form additon product, ethylene dibromide. 
Ө 
Ф, = CH; — Br — Br BrCH; ot CH Br 


Ethylenedibromide 
The above mechanism may be represented in brief as follows: 


CH2 = CH? + Br- 
Polarized 


BM IAS 
CH; C CH, 3E Br- BrP, CH; – ch, In 


E Step II 
Ii — CH2 
r Br 


(iii) Addition of halogen acids : All halogen acids (HCl, HBr, HI) 
readily add to alkenes forming alkyl halides. The order of reactivity is HI 
>HBr > HCl. For example, A 


CH; = CH; + sprik CH3- СН 
Mechanism : The addition of halogen acids is also a two step ionic 


process and similar to halogens. 


In case of unsymmetrical alkenes the addition of halogen acid (or 
any other reagent consisting of two different atoms or groups) can result 
in the formation of two differert isomeric products. 
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[^ СНз – СНІ – СНз 
CH3CH = CH2 Isopropyl iodide (Major product) 
_. СНз – CH2- СНІ 
п - propyliodide 
Isopropyl iodide has been found to be the main product, 
Markovnikove (2870) made a careful study on such additions to 


unsymmetrical alkenes and gave a rule known as "Markovnikov's rule. It 
states that "the negative part of the molecule adding to the double bond 


Propylene 


goes to that carbon atom which is linked to the least number of hydrogen * 


atoms". Thus : 
СНз — СН = CH? + X* ——Y' — »CH»; - CHY - СНХ 
Mechanism: The Markovnikov's rule can be understood in terms of 
ionic mechanism of addition reactions. For example, in the addition of 
hydrogen iodide to propyle the reaction is initiated by the addition of 


electrophilic proton to one of the bonded carbon atoms to form either 
carbonium ion, I or II. 


p Ф , 
ЕА CH3 — CH: снз + 16 
51 а 
CH;- CH = CH; + H=1 (D 


9 e 
|, СНз — CH2 – CH? + I 
ш) 


However, the secondary carbonium ion (I) is more stable than the 


primary carbonium (II). Isopropyl iodide is, therefore, the main product 
in accordance with Markovnikov's гше. 


(iv) Addition of sulphuric acid : Alkene bubbled through 
concentrated sulphuric acid is readily absorbed, Alkyl hydrogen sulphate 
is formed. 


CH2 = CH? + Н2504 


> СНз — CH? - HSO4 
Ethyl hydrogen sulphate 
The mechanism of this addition reaction is also a two step ionic 
reaction as illustrated below : 


® Ө 
CH2 Сын, + H O S02 OH——> CH; – СНз + OSO20H 


CH3 — CH2 OSO20H 


(v) Addition of water : Water attacks the double bond in the 
presence of dilute acids to yield alcohols. For example, 


H* (Aci 
CH; = chy & нон 22 Н Aad). CH3CH;OH 
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17.9.2 Oxidation of Alkenes 

Alkenes are readily oxidized. The nature of products depnds upon 
the type of oxidizing-agents. 

(i) With potassium permanganate : Alkenes on treatment with 
zold, dilute and slightly alkaline ‘or neutral solution of potassium 
permanganate are oxidized to dihydroxy compounds called glycols. This 
reaction is known as "hydroxylation" as it involves the addition of OH— 
group. For example, 


nO4 
CH2 = CH? + H20 + [0] 


CH20H ~ СНОН 
Ethylene glycol 
This reaction is used as a test for unsaturation in a compound since 
potassium permanganate solution gets decolourized (Baeyer’s test) 
H202 also gives a similar reaction. 
CH, = СН; + H305 CH,0H — CHOH 
At high temperature, cleavage of the double bond takes place and 


from the products produced the structure of the unknown alkene can be 
worked out. Two reactions given below will explain the point. 


H3 H3 H3 CH3 
Alkaline KMnO4 / 
= ——————— =0+0= Qy 
y Heat Ё 
Нз Нз 3C CH3 
(ketone) 
In case a hydrogen atom is attached to the carbon atoms containing 


a double bond, the hydrogen atom is replaced by a hydroxyl group to 
form carboxylic acid, 


CH, —CH,—C = CCH, Ане EMAR CR,- CH, Ced осо 


uH Heat zm OH 


(Carboxylic acid) 
(ii) With ozone : When ozone is passed through a solution of 
alkenes in an inert solvent the latter gets oxidized forming explosive 
ozonide. This reaction is known as "ozonolysis". For example, 
о 
vss 
CH, = CH3 + Оз ——_———? Н:С . CH; 


Ethylene ozonide 


The ozonode, on treatment with water, in presence of zinc dust, 
undergoes decomposition yielding aldehydes or ketones depending upon 


the nature of ozonides. 
843; Д 


Formaldehyde 


The products, thus, produced can often be used to determine the 
structure of unknown alkene. The following reactions illustrate the point. 


CH3 
CH3—CH С () Оз СН; СН=О+О г 
- = - = + = 
ái {00 Za, H300 à Seni 
H3 
CH3 CH3 


1.3.0) Оз 


/ 

CH3 - CH;- CH = C CH3CH? CH = 0+0=C 
dE AD Zn, нз09 7 SOE 2 
3 


3 


CHs-CH;-CH = cg, 9 9 CHs.CHzCH-040- CP 
aul © = ц 2 =0+0= 
3- CH? 3— 6) Z HOD” СНЗСН2 Cem 


(i) O3 
CH3 CH? CH2CH = CH = C =О+О=СН2 
3 CH2 СН2 ^j) Zn, НЮ H3CH2 CH2CH =O 


(iii) Combustion : Alkenes burn in air or oxygen with a lulminous 
flame producing carbon dioxide and water, For example, 

Cale C302 2007 1 2EGO ATP та mol! 
17.93 Polymerization 


Alkenes undergo polymerization to form several useful polymers. 
Polymers are molecules with high molecular masses, Many molecules of 
monomer add together to form one large molecule of polymer, 

ВСН = CHo(g) —*__. (CH; — CH; 6) 


The polymer formed is named polyethene or polythene. 


Polymers are very helpful in our day-to-day life. Plastics, synthetic 
fibres, etc., are examples of polymers, 


Some methods of preparation of alkenes and their typical reactions 
are summarized in Table 17.4, Table 17.5 includes the common polymers. 


17.10. PROPERTIES AND REACTIONS OF ALKYNES 


Physical Properties follow the pattern of those of alkanes and 
alkenes. 
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Table 17.4 


Preparation of alkenes 


1, Dehydrohalogenation of haloalkanes 
HR R 
N 


' А 
R-C-C-R + KOH ———> Ç= C KX + ЊО 
) В 
RX (Alcoholic ) R R 
2. Dehydration of alcohols 


HER oak &. Ж 


x 4 
R-GaG-R ә C=C + IO 
ee АГб 
RY OH ` 


3. Dehalogenation of vicinal dihalides 


ХК R К 
йд Het 4 7 
R- C- C- R + Zn Tu *etCuizae 
^ 
R X R R 
Reduction of alkynes 
m ve 
Pd.BaSO4 С=С 
/ by 
H H 
cis 
R-C=C-R н R 
Li.NH3 / ` 
R H 
trans 


Important alkene synthesizing reactions. 
All are elimination reactions and the molecules eliminated are shown over the arrows. 
rr 


Large scale industrial Laboratory methods 
І h 
t 
H- C- C-H H- C- C- OH elimination 
AA Жер reaction 
-H20 


beaten : - H Hal i П 
H-C-C-C- ә Ç = С er" H- C- C- Hal 
S ri 


Reactions of Alkenes 


1, Addition of hydrogen 


R ; RR 
Pd or Ni 
Pror R-C-O-R 


R 

MA 

Qe CETERIS 
K МЕ HH 


Table 17.4. contd, ........... 


2. Addition of halogen 


R R RX 

M / bere 
C=C+% те ЖЕ 

^ ` = 1 

R R X = Clor Br XR 
Dihaloalkane 


3. Addition of hydrogen halide, 
R R RR 
` #7 1 l 
C- Gc HAT I RACA CER 


7 XN A 3 
к. R X=ClorB ut 


1 


Haloalkane 
4. Addition of sulphuric acid 
R R 
R 
М ee 
b dm S + H2SO4-——> KOCR 
| 
R R н OsosH 
alkylhydrogensulphate 
5. Addition of water 
R R 
N / Н x E 
C=C + ho— R-C-C-R 
РА x \ 
R R H OH 
alcohol 
6. Ozonolysis 
R R 
\ D i о К к 
CEG +0 > c v^ c-o + ond 
А АМЕ 4 
BEER А O-O R R 
7. Hydroxylation БУЗОУ 
R RR 
Vnd KMsOr Эл ньо Tm 
> M ——> R-C-C-R ——»R- C- C-R 
TEMAS | 
7 NA {2 онон 
Me diol 
/ 
ОО 
— 
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Table 17.4 contd.......... 


8. Polymerization » 
(a)Radical initiation 


N 4 
R+C=C —»R-C-C. 
4 ^ i 
R-t- aged -en-t-t-c-4 
| pt I ARN tdv i 
! 1 l 2 
| R -C -¢ nC yes Cin eae Gb +—b- b-bd ere 
| 1 [ДИК л; [^56 ET 


Table 17.5 


(1) Addition polymers 
Mon: polymer 

CH; - CH, 4CH>- СНдһ Polyethene (polyethylene) 
Ethene 


CHy=CHCI CH, СНўһ polychloroethene (polyvinyl chloride} 
Chloroethene | 


CH, = CHPh XCH, - {9% polyphenylethene (polystyrene) 
Phenylethene P 


CH, = CHOAc «CH - CH} polyethanoxyethene (polyvinyl acetate) 
Ethanoxyethene 
OAc 


Ch, =CR, CF,- СЕ Teflon 
Tetraflouroethene: 


CH, = CHCN «сн, СН Orlon 
Cyanoethene CN 


СН; 


єн, 
CH, = С-СН-СН, cy. o = cH - CH 
2-miethyl-1,3-butadierde 
(Isoprene) 847 


Natural rubber 


ы 


(2) Condensation polymers 


HO - CH2- CH; - OH Dacis 
12- Ethanediol 
(ethylene Blycol) pot o- ec: a 
+ 
о о 
Hexanedioic acid 


(NH2-CH2)6 - NH2 ма 
атое mine 4NH(CH2)6 - NH - C - (CH2)4- Cen 
Li Ш 
о о 
+ 


С Сн NH} p Nylon 6 
| C- 0 o 


carbon triple bond which is made of 4 


х bonds. The alkynes readily undergo 
~~» additional Teactions, the majority of which involve electrophilic addition 
The important reactions of alkynes arc discussed below. 


17.10.1 Electrophilic Addition Reactions 


Like alkenes, alkynes also form additi 
(i) Addition of hydrogen : 


Hydrogen, in presence of a suitable 
Catalyst, attack ihe -C = CE 


on products. 


triple bond to give saturated 
hydrocarbons. 
+H2 +H2 | 
CH= D MN LA CH? = ерт СНз – СНз 
ior t 
Acetylene Ethylene s Ethane | 


(ii) Addition of hal 


Bens : Chlorine and bromine attack alkynes (0 
form di- and tetrahalid 


es. For example, 
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сн cH cua - cna. 9s nas ~ снсь 


Ауа ае a 


The mechanism involved is of electrophilic type (as in the case of 
alkenes) as shown below: " = 
cH É CH — HC =cH® LH CHBr + Br” 
| nee сйс в ——- МНС = 
Acetylene dibromide 
весн Сиве + вё? -вё- —» BeHC* -CH Во + В 
BrHC® — CHBr + Br^ ——* BnHC - CHBr 
Acetylene tetrabromide 
(iii) Addition of halogen acids : Acids add on to alkynes according 
to Markovnikov's rule yiclding mono and dihalogen derivatives of alkene 
and alkane respectively. For example, 


+ HB +HBr 
CH = CH —— сн; = CHBr ——» CH; - CHBn 


JN n ——„ 


The mechanism of reaction is: 
g^- 


BrHC = CH; + Н+ — BO —— BrHC® - СН, + Br? 
BrHC* – CH3 + Br^ ———————* BnHC - СНз 
1-Dibromocthane ог 
bromide. 


Chloroethene is the monomer from which polychloroethene, the 
important plastic known as polyvinyl chloride ды is obtained. 
CH + HC = сна 
CH= + vi ue 
(iv) Addition of water : Water, in presence of dilute HzSOs and 
mercuric sulphate, adds on to alkynes forming carbonyl compounds, 
aldehydes or ketones. For example, 
H2804, HgS04, су, = СНОН 
350K Vinylalcohol (unstable) 


CH = CH + HOH 
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17.10.2 Oxidation of alkynes 

Alkynes are readily oxidized forming different products depending 
upon the nature of oxidizing agent used. 

(i) With potassium permanganate : Alkynes on oxidation with 
potassium permanganate or chromic acid yield carboxylic acids. 
However, the nature of acids obtained may be different in the case of two 
oxidizing agents. For example, 


Chromic acid 
CH = CH + H50 + [0] — — — — CH3;COOH 
Acetic acid 
Alkaline KMnO4 
CH = CH + 4[0] — — — — — —. соон 
OOH 
Oxalic acid 


(ii) With ozone : When ozone is passed through a solution of 
alkynes in an inert solvent, the latter gets oxidized forming ozonide. The 


ozonide on hydrolysis gives dicarbonyl (diketone) compounds. For 
example, es О 


N7 
СН = CH + Оз—— HC CH 
| b О 
ос! 
Ozonide Glyoxal (Diketone) 
(ii) Combustion : Alkynes burn in air or oxygen with a luminous 
flame producing carbon dioxide and water. 
2C2H2 + 50; — — — 4CO? + 2H20 AH = —1300kJmol 1 


PUE diee is esi exothermic" yielding approximately 1248 kJ 
mol ` of energy (heat). 


17.103 Polymerization 


When aceatylene is passed through a solution of cuprous chloride 

mmonium chloride in hydrochloric acid, vinyl acetylene is formed. 
2CH = CH —— ——— СН, =CH-C=CH 

When acetylene is passed through a 

molecules join together to form benzene. 


=н ү Gf ono 


anda 


red hot copper tube three 


. 0, ЗОН; 6 
Acetylene is polymerized to cyclotetraene 
Heat, Ni 
shin CH t, Ni(CN)2 Catalyst 
Tetrahydrofuran solvent 


17.10.4 Formation of Acetylides Cyclotetraene 


(1) Alkynes react with alkali metals in the presence of liq. NH3 and 
sodamide to form salts known as acetylides. The acetylenic hydrogen 
atom of terminal alkynes is removed as a proton by the strong base. The 
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amide ion, being the anion of very weak acid aiamonia, is strong and is 
able to remove the acetylenic protons of terminal alkynes. For example, 


Liq. NH3 «рег 
CH's СН + Na СН = С Na’ + /2H2 
Liq. NH3 3 F 
CH = СН + NaNH2 ————> СН = СГ Ма” + NH3 
Sodamide Sodium acetylide 


Sodium ere н (or alkynides) are useful intermediates for the 
preparation of other alkynes. This is accoiaplished by treating the sodium 
alkynide with a primary alkyl halide. 

CH = C: No * + CH3Br———» НС = С - СНз + NaBr 

Propyne 

(2) When alkynes are passed through ammoniacal solutions of 
silver nitrate or copper sulphate, a characteristic precipitate of silver 
alkynide or copper alkynide i is formed. For example, 

R — H = CH + (Ag(NH3ZOH )—»R - С = CAg + NH4NO3 
(or NH3) + H20 
ута Scip) 


R-H&CH + 4 CuCb + (Cu(NH3)2 on er акуш R-C=CCu 
+NH4Cl (or NH3) + H20 
(Red precipitate) 
Cuprous alkynide 

The formation of these characteristic coloured acetylides can be 
used for distinguishing terminal alkynes (К-С= СН) from other 
hydrocarbons. Non-terminal alkynes do not give la precipitate. Silver 
alkynes are soluble in nitric acid, whereas silver halides are not. 

These reactions are given only by alkynes. These reactions could be 
possible because of their acidic nature. Carbon atom in thesc 
hydrocarbons wed n hybridization which bears mores character 
compared to sp ? and sp ? orbitals. An electron in an s orbital is tightly held 
by the nucleus which supports its strong electronegative characater. 
Because of this, the hydrogen of acetylenic carbon develops a more 
positive charge and is, thus, acidic in character. The acidic character of 
hydrocarbons decreases the order. 

СН = СН > СН, = СН, > СНз – СНз 
Most acidic Least acidic 

Important methods for the preparation of alkynes and their 
reactions are summarized in Table 17.6. 

17.11. REACTIONS OF ARENES (AROMATIC HYDROCARBONS) 

Aromatic hydrocarbons are unsaturated cyclic compounds. They 
are also known as arenes. They are highly unreactive towards chemical 
reagents because of conjugated unsaturated ring system present in them. 
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Table 17.6 


Preparation of alkynes 


Dehydrohalogenation of 1,2-dihaloalkanes 


R H H X R H 

P Nb V; Tut KOH \ L^. 
M aee —- R— C—C—R VC» gt KX + ЊО 
H R R 


| 
h X 
NaNH2 К-С = GR + NaX + NH3 
Reaction of sodium acetylides with primary haloalkanes 


X=ClorBr 


NaNH2 R-X 
К-С = С-Н —> К-С = C=Na*—> RC  C-R + Мах 
or (Na in NH3) primary 
haloalkane 


Кеа 


ctions of alkynes 
1. Addition of hydrogen 


2 | ji 
R—CZzC-R-——» R.C-C-R 
PdorPt Т | 
HH 
alkane 
2. Addition of halogens 
K X Ў 
Pd 
RC= с-в 2.6 = сле, R—C—C-R 
PART ESI 
X = Clor Br = R E 


tetrahaloalkane 
3. Addition of hydrogen halides 
ns R X H X 
X rd ! 
Roser PX, V. = © Eata R-C-C-R 
н К |I 


Hx 
X = ClorBr Dihaloalkane 
4. Addition of water 
R OH H 
H 2+ 
Roero а Coe н R =R 
AR ер 
H R HO 
5.Formation of metal salt Ketone 
liq. NH3 
RCE CH +Na——» RC mONs 4 4 1 н, 


2 
Бет айларда ре ag A MOEA ЫЙ us 
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They do not easily undergo addition reactions. Under drastic conditions, 
such as high temperatures, presence of a catalyst, etc., hydrocarbons 
undergo substitution reactions in preference to addition reactions. The 
hydrogen atoms of benzene and its homologues can be replaced by nitro 
(—NO2), halogen (—X), sulphonic acid group (—SO3H) etc. Some 
addition reactions are also possible under highly specific and drastic 
conditions — increased concentration, high temperatures and pressures 
and presence of catalysts. 

Benzene and its homologuesare versatile solvents. They dissolve a 
large number of compounds. This is because the electron cloud makes it 
polar to some extent, and therefore, even polar molecules are attracted 
towards it. Nucleophilic species such as Cl, OH”, СМ etc., do not 
attack the benzene ring as they are repelled by the delocalized л electron 
cloud. However, electrophiles such as HUC. NOŽ etc., can attack the 
benzene ring and for this reason benzene ring and for this reason benzene 
and its homologues undergo electrophilic reactions. 

Some of the important reactions of arenes are discussed in the 
following pages by considering benzene as a typical example of the 
aromatic compounds. 

17.11.1 Electrophilic substitution reactions 

The hydrogen atoms present in benzene ring can readily be 
replaced by other atoms or groups when electrophilic reagents attack on 
it. / 
(i) Halogenation : Benzene undergoes a substitution reaction with 
chlorine or bromine in the presence of a halogen carrier, like anhydrous 
AlCl; or FeCl3. 


CoH, + СЬ 


CsHs5Cl + НСІ 
Chlorobenzene 
In this reaction, iron can also be used as a catalyst, since it gets 
converted to FeCl by reacting with chlorine. 


C6H6 а 
a - c+ Alch—> C2 + АС + AIC + HCl 
Lewis base’ Ань 
acid 


Direct iodination takes place in presence of oxidizing agents like 


iodic acid or nitric acid. 
Heat 


6C&HsI + 4Н;О + 2NO 
Iodobenzene 


(ii) Nitration : When benzene is nitrated with a mixture of HNO3 
and conc. H2SO4 at about 330K, nitrobenzene is obtained. The nitrating 
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6CgHg + 31, + 2HNO; 


mixture generates the electrophilic reagent, nitronium ion, NO2 which 
attacks the nucleophilic benzene. 
29,504 + HONO; == NO} 4 2HSO, + H3O* 


NO 
©) + NO? + н509 —— О 2 + H350, 


If a temperature of about 350K is used, dinitrobenzene is obtained. | 


SO4 
C6Hg + 2HNO3 


C6H4(NO2)2 + 2H20 
350K m-Dinitrobenzene 


(iii) Sulphonation : Sulphonation of benzene takes place when it is 
heated with fuming sulphuric acid (concentrated Н2504 + 803). 
Sulphur trioxide acts as an electrophilic reagent. 


о о 
©) + 10-4 on — pum 
i b 


Chlorosulphonic acid can also ve used for sulphonation. ] 
D] Ш 
+ а -– Кас аин 


о 
(iv) Friedel - Crafts reaction : Alkyl ы benzenes are 
obtained by the reaction of benzene with alkyl halides in the presence of 
Lewis acid, anhydrous АІСІз. The other Lewis acid catalyst like FeCls, 
BF3 and HF can also be used. 
СНЗСІ + АІС СНҘ + AICH 
Methyl chloride 


Нз 1 
(9) +CH} + АС б +А1СВ + НСІ | 


The reaction (known as Friedel-Crafts Reaction) can also be used 
to prepare mixed aromatic aliphatic ketones by taking acyl halides instead 
of alkyl halides. 

CH3 — C - СІ + AlCl 


CH3 ~ С (АІС) 


О. (0) 
Acetyl chloride 
(an acyl chloride) 
С — CH3 
© +СНз - C* (AIC) T — Qre t AlCl; + НСІ 
| Methyl phenyl ketone 
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Benzene and its homologues undergo some addition reactions similar to 
alkenes and alkynes but under some severe conditions. For example, 
benzene (or toluene) can add up hydrogen (inthe present of nickel 
catalyst at 475K) or chlorine (in presence of sunlight) to give saturated 
compounds. 


Ni 
© ЯТА ї catalyst О 
475K 


дуоси 
: (cyclohexane) 
Нз Ni catalyst 3 
+3H2 
475K 
Hexahydrotoluene 
(Methyleyclohexane) 
Sunlight СІ 
О 3С SOX cl 
cl CI 
Benzene hexachloride (BHC) 
(Used as insecticide) 


17.11.3 Oxidation and Combustion 
Benzene can be oxidized with air at 800K in the present of V205 catalyst 


to give maleic anhydride. 
CH — COOH H - CO 
Air, V2Os | —H20 NU 
— [0] 
мо CH — COOH CH - có 
Maleic acid Maleic anhydride 


Toluene is oxidized to benzoic acid with potassium permanganate 
or dichromate solution 


CH3 COOH 
О Hot KMnO4 Oy 
О veal 


On burning in air, benzene and toluene produce a smoky flame and 


are oxidized to carbon dioxide and water. 
269; F 1505 ETE 12CO2 + 6H;0 


Benzene 
CHsCH; + 90. —————>* 7СО; + 4H;0 


Toluene ZU IS 
Important substitution reactions of arenes are summarized in Table 17.7 


17.12 ORIENTATION IN ELECTROPHILIC SUBSTITUTION 
The six ;hydrogen atoms of benzene molecule are equivalent. The 


replacement of any one hydrogen atom of 
does not lead to any isomeric products. However, 
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benzene ring by another group 
the replacement of 


TABLE 17.7. Important substitution reactions of arenes 


X 
X2 (Halogen) Halogenation 
NO2 
HNO3/H?SO4 Nitration 
© 
(№) 
SOH 
H; 
2504 + 503 Sulphonation 
R 
RX ГАХ 
Alkylation 
Friedel - СОК. 
Crafts RCOX / Ар X6 i 
bent Acylation 


second hydrogen atom leads to isomeric disubstituted products. These 
disubstituted isomeric products are ortho (1:2); meta (1:3) and para (1:4). 
It has been found that the type of disubstitution products formed 
depends on the nature of the group already present in the ring. Thus, if 

| nitrobenzene is further nitrated the second nitro group will occupy the 
meta position of the ring. On the other hand, when toluene is nitrated a 
mixture of ortho and para nitro toluene is formed. 


NO2 NO2 
Ó HNO; + H2SO4 Q + њо 
—————— 
Heat NO2 
Nitrobenzene m-Dinitrobenzene 


CH3 


CH3 
Ó HNO3 + но у NO? + © 
Heat 02 


Toluene „o-Nitrotoluene p-Nitrotoluene 
On the basis of the above reactions, one cay say that nitro group has 


m-directing whereas methyl group has ortho and para directing nature. 
Thus, the group already present in the nucleus of benzene has a directive 
or orienting influence on the position of the new substituent in the 
benzene ring. 


omer 


On the basis of their directive influence the groups present in mono 
substituted benzene ring are classified as ortho and para directing or 
meta directing groups as given below: 

(i) Ortho-para directing groups are—CH3 (methyl); ~C2Hs (ethyl); «OH 
(hydroxy);<NH2 (amino);-Cl (chloro); -Br (Bromo) andl (Iodo) 

(ii) Meta directing groups are —NO2(nitro) ; SO2OH (sulphonic): 

-CN (cyanide); -CHO (aldehydic); -COR (ketonic); -COOH (carboxylic). 
A number of emperical rules have been formulated to predict the 
position of new entrant in the benzene nucleus. Of these Crum Brown 
and Gibson rule is very satisfactory. According to it " if a substituent X, 
already present in the nucleus, is such that its hydrogen compound, H X 
can be easily oxidized to its hydroxy compounds (HOX), it directs the 
new entering group to the meta position, otherwise in the ortho and para 
HCHO, which can be easily oxidized to HCOOH, hence, -CHO group is 
meta directing. Similarly, NO2 group with hydrogen forms HNO2 which 
is readily oxidized to HNO3, hence - NO2 is also meta directing. On the 
other hand МН2 group forms NH3, which cannot be easily oxidized, so 
-NHo group is ortho and para directing. Other groups with their directive 
influence are given in Table 17.8. 


H 
META SUBSTITUENTS 
ctrons releasing substituents stablize the 
Wheland intermediate for ortho-para substitution 
as compared with meta substitution 


TABLE 17.8 Directive Influence Of Groups 


Formula Directive influence 


ORTHO-PARA SUBSTITUENTS 
Diagram showing how ele 


Name of the group 

Nitro —NO2 meta 
Aldehydic -CHO meta 

1 

Ketonic de meta 
Carboxylic —COOH meta 

Methyl —CH3 ortho and para 
Ethyl —С2Н$5 ortho and para 
Amino -NH2 ortho and para 


Halogen(chloro-bromo and iodo)—X(—Cl,-Br,-Dortho and para 
,Halogen(chioro-bromp e^ 
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SELF ASSESSMENT QUESTIONS 


Multiple Choice Questions 
17.1 Put a tick ( V. ) mark against the suitable answer 
(i) The reaction : CH) CH,—Bris 
| -B2— | 
m 2 CH5—Br 


(a) coal gas (b) coal gas and petroleum 
(c) methane (d) petroleum 
(111) Photochemical clorination of alkane is initiated by a process of 
(a) homolysis (b) pyrolysis (c) substitution 
(d) peroxidation 
(iv) When petroleum is heated gradually first batch of vapours evolved will be rich 
in 
(a) kerosene oil (b) diesel (c) petroleum ether 
(d) lubricating oil 
(v) Ethylene from ethyl bromide is obtained by treating it with 
(a) hydrogen (b) alcoholic caustic potash 
(c) aqueous caustic potash (d) aqueous caustic soda. 
(vi) Most of the hydrocarbons from petroleum are obtained by 
(a) fractional crystallization (b) pyrolysis (c) cracking (d) fraction 
distillation 
(vii) When acetylene is passed through dilute H5SO4 in presence of Нр504, the 
compound formed is 
(a) ethanol (b) acetone (c) carbide Hg (d) acetaldehyde. 
(viii) When acetylene is reacted with HBr, we get, 
(a) methyl bromide (b) ethyl bromide (c) ethylene bromide (d))ethylidene 
bromide 
(ix) The final product on the oxidation of hydrocarbon is 
(а) acid (b) aldehyde (с) dihydric alcohol (d) H,0 + CO? 
(x) Aromatic character is possible only when 
(а) six electrons are delocalised (b) the molecule is cyclic and planar (c) the 
molecules has six atoms in a ring (d) а molecule has at least two 
reaonance structures. 


17.2 Fill in the blanks : 


(i) The various rpdoucts are obtained from the petroleum by the process of 


DOS TIERS Я 
(ii) Both coal and petroleum are known as 


(iii) The process of splitting of high molar mass alkanes into smaller fragments by 
heat is called 


(iv) The internal combustion engine makes a metallic sound i 
(у) The best fuels for resistance to knocking are such as 


(vi) ате converted to aromatic hydrocarbons by the process called 


(vii) Alkenes and alkynes are called — hydrocarbons because the double and 
triple bond can open to react with chemical reagents. 
(viii) Electrophilic reagents are in nature, 
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(ix) The rule states that in addition of a compound HX to an 
— compound, hydrogen becomes attached to the unsaturated 
carbon. 

(x) A polymer of ethylene is called 5 


17.3 Магк the True (T)/False (Е) statements of the followings. 
(i) Petroleum is heavier than water and soluble in it. 


(ii) Aromataic hydrocarbons are obtained by fractional distillation. 
(iii) Alkyl magnesium halides are known as Grignard reagents. 
(iv) Decarboxylation involves the removal of carbon from a hydrocarbon. 
(v) Calcium carbide on reacting with water gives hydrogen. 
(vi) The boiling points of alkanes increase with increase іп their molecular mass. 
(vii) Benzene is a poor solvent. 
(viii) The delocalization of electrons in the benzene ring attributes to its stability. 
(ix) Acetylene is acidic in nature. 
(x) Vinyl chloride is also called chloroethene. 
SHORT ANSWER QUESTIONS 
174 (i) Complete the following reactions 
(a) CH2 = CH2 + Br (Cs aene qo Sera 
= +B Se 

(ii) Phe dose Mie Mo bromine water, while ethane does not do so ? 
(iii) Give one example each of: 

(i) an addition reaction of chlorine 


(ii) a substitution reaction of chlorine 4 
(iv) (а) Name the products obtained by the combustion of saturated and 


unsaturated hydrocarbons. 

(b) Ethane burns in oxygen to form carbon dioxide and water. Write balanced 
chemical equation for this reaction. 

(v) What do you understand by unsaturation. How will you test unsaturation 

in an organic compound. 4 7 

(vi) Provide the missing details in the following equations. 


Sunlight 
(a) CH, + 2Cl, — — ^ 4HCl + A 


Diffused 
c. ————— — 4НА + B 
eos sunlight 
Ni Catalyst 
)CH,« CH, 407777 Е CH,CH, 
Red-hot 
copper tube 


(c 
(d)3CH = CH 


Heat 
Нед! n зыш 
(e) CH, + Н,50, E + H,O 


(D C,H, +392 


(g) CH, + G 
Hot alkaline H 
(b) C,H,C:Hs [ying 
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TERMINAL QUESTIONS 


17.1 What is meant by homolytic and heterolytic fission ? Explain with examples the 
formation of free radicals, carbonium ions and carbanions. 


17.2 What are electrophilic and nucleophilic reagents ? Which of the two, would readily 
attack a carbonium ion and why ? 


17.3 Define and give examples of the following reactions. 
(i) addition reaction (ii) substitution reaction 
(iii) elimination reaction (iv) rearrangement reaction 
174 What is Markovnikov's rule ? How will you justify it on theorotical basis ? 
17.5 Describe the chemical properties of alkynes with reference to : 
(i) addition of hydrogen (ii) addition of halogens 
(iii) addition of halogen acids (iv) oxidation 
17.6 Describe in detail the electrophilic substitution reactions of arenes. 
17.7 Comment on the followings 


(i) Why are the boiling points of branched chain alkanes lower than their normal 
isomers ? 
(ii) Why do alkanes containing odd number of carbon atoms have lower melting 
points than expected value ? 
(iii) Why do the boiling points of alkenes increase from 1- propene to 1-heptane ? 
17.8 What is the directive influence of 
(i) an electron -releasing group (ii) an electron- withdrawing group? 
17.9 (a) In an electrophilic substitution why does OH group direct the newly entering group 
in ortho or para position ? 
(b) In an electrophilic substitution reaction why does NO2 group direct the new 
entering group in the meta position ? 
17.10 (a) List at least five electrophilic reagents. 
(b) List at least five nucleophilic reagents. 
17.11 What is Friedel-Crafts reaction ? Give suitable examples. 
17.12 How would you distinguish methane, ethylene and acetylene from each other. 
17.13 Why does benzene not undergo addition reactions in spite of unsaturation. 


17.14 in by writing suitable equations what happens when: 
a) Propane is treated with HBr. 


b) Ethene is heated with hydrogen in the presence of a nickel catalyst. 

(c) Ethane is treated with concentrated sulphuric acid containing some mercuric 
sulphate. 

(d) Acetylene is bubbled through 40% sulphuric acid containing some mercuric 
sulphate. 

(е) Ethene is treated with cold, dilute alkaline potassium permanganate. 

(f) Acetylene is passed through Tollen's reagent. 

(g) Toluene is treated with hot, alkaline potassium permanganate 


(h) Benzene is -heated with methyl chloride in the presence of anhydrous aluminium 
chloride. 


ANSWERS TO SELF ASSESSMENT QUESTIONS 


17.1. (i) b (ii) d (iii) d (iv) c (v) b (vi) d (vii) d (viii)d (ix) d (x) b 
17.2 (i) fractional distillation (ii) fossil fuels (iii) cracking (iv) knocking 
(y) branched chain hydrocarbons 2,2,4-trimethylpentane 
(vi) straight chain alkanes, reforming (vii) unsaturated, (viii) electron deficient 
(ix) Markovnikov’s (x) polythene 
173 (i) F, (ii) T, (iii) T, (iv) F, (v) Е, (vi) T (vii) F, 
(viii) T, (ix) T, (x) T. 
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174 (i) (а) — —? CHBr — CHBr 
1,2-Dibromethane or Ethylene dibromide 
(b) ————  CHBr, = 
12- Dibromoethene or Acetylene dibromide 
——— CHBr; — CHBr, 
^ Acetylene tetrabromidi 
(ii) Ethylene is an Nie hydrocation and forms addition compound with 
bromine water, Ethane is a saturated hydrocarbon and does not react with 
bromine water. 
(iii) (i) CH2 = CH2 +Cly 
Ethylene 


4 Ethylene dichloride 
(ii) CH. Cbr [ori + HCl 


CH2CICH2CI 


MS Methyl chloride 
CH3CI + Clg ————— ——3 CH2CD + НА 
Dichloromethane 
CH? Cs СУ ЫТИТ сна + HCI 
Trichloromethane 
CHCl3 + Ch ————————* CCM + НА 
Carbon tetrachloride 


(iv) (a) CO2 and H20 
b) 2CH3CH3 *702—————— 4CO2 + 6H20 

(v) Organic compounds in which there isat least one double or triple bond in carbon 
chain are called unsaturated compounds. In such compounds carbon atoms 
combine with another carbon through two or three pairs of electrons. An 
unsaturated compound is reactive particularly for addition reacions. Such a 
property of unsaturated compounds is called unsaturatration.. 

Bromine water is unstantly Gecoloyrized by unsaturated compounds due to 
addition reactions. Now, if on adding a few drops of aqueous bromine to the 
organic compound, the brown colour of bromine is discharged, then the 
compound is unsaturated. 

(м) (a) A = C()B = СС, (C = Н, (d) Hg 
(e) E = СН; 503Н (DF = СН, (06 = CH, Cl (h) H = CH; COOH 
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UNIT 18 
Purification and Characterization of 
Organic Compounds 


Someone who had begun to read geometry with Euclid, when he had 
learned the first proposition, asked Euclid, "But what shall I get by learning 


these things ?" ereupon Buchs called his siave and said, "Give him 

three- ince he must make gain out of what he learns". 
ree-pence since us g f. MO nus 
(Circa 500 A.D.) 


UNIT PREVIEW 

18.1 Introduction 

18.2 Purification : crystallization, sublimation, distillation, extraction and chromatography 

18.3 Qualitative analysis of elements : carbon, hydrogen, nitrogen, halogens, etc. 

18.4 Quantitative analysis of elements : estimation of carbon, hydrogen, nitrogen, halogen, 
etc. 

18.5 Determination of molecular mass : Victor Meyer's method, elevation of boiling point 
and depression of freezing point method and volumetric method 

18.6 Calculation of empirical and molecular formulae 

18.7 Modern methods of structure elucidation 
Self assessment questions 
Terminal questions 


Answers to self assessment questions 
LEARNING OBJECTIVES 


At the completion of this unit, you should be able to: 
l. Describe the principles involved in the different methods of purification : filtration, 


crystallization, sublimation, distillation, fractional distillation, extraction and 
chromatography. 


Apply the above techniques/processes for the purification of some simple mixtures. 
Describe the chemical reactions involved in the qualitative analysis of organic 
compounds using the sodium fusion test. 

Describe and explain the principles involved in the different methods of quantitative 
estimation of carbon, hydrogen, nitrogen, etc. in organic compounds. 

Calculate the empirical and molecular formulae of organic compounds. 

Comment on the modern methods of structure elucidation. 


8.1 INTRODUCTION 


A substance used in chemistry should be pure. If not, we get wrong 
ideas about it. In daily life pure has a different meaning. We buy pure 
honey. We eat pure butter. We wear clothes made of pure wool. Honey, 
butter and wool are mixtures. In science pure has only one meaning, A 
pure substance is a single substance. Definite physical and chemical 
properties and colour and shape of the crystals of a substance are 
attributed to its purity. The nature of the substance to be purified 
determines the method of purification. Once the compound is purified, 
one can proceed to investigate its compositions etc. The different steps 
after purification employed in the characterization of organic 
compounds are: (a) qualitative analysis, (b) quantitative analysis, (c) 
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molecular mass determination, (d) calculation of the empirical and 
molecular formulae, and (е) determination of structure by one or more of 
several methods including chemical methods. In this unit, we shall deal 
with some of methods commonly employed for the purification and 
characterization of organic compounds. 
18.2 PURIFICATION 
The nature of the organic substances to be purified determines the 
method of purification to be employed. The common techniques used 
are: (i) crystallization, (ii) sublimation, (iii) distillation, (iv) differential 
extraction, and (v) chromatography. 
18.2.1 Filtration 
DV ER This process is 
BUCHNER FUNNEL / 7% usually employed for the 
separation of insoluble 
solid impurities from a 
soluble substance. Quick 
filtration may be effected 
with the help of a buchner 
funnel and a pump (Fig. 
18.1). 
18.2.2. Crystallization 
This technique is 
used for separating or 
purifying a solid 
substance which is soluble 
in solvents like water, 
alcohol, ether, benzene, 
chloroform, carbon 
Fig. 18.1. Use of Buchner. funnel tetrachloride, ^ acetone, 
etc. The efficiency of the 
process depends upon the choice of suitable solvents. A good solvent is 
one which dissolves a large amount of the substance at ап elevated 
temperature and from which crystals separate out on cooling. Since most 
of the solvents are highly inflammable their use require a careful 
handling. Ё 
Procedure : А hot saturated solution of the substance іп а solvent 
is filtered hot. Undissolved impurities are left on the filter bed. Funnel 
surrounded with hot water jacket is employed to prevent crystallization 
during the course of filtration. The filtered solution is allowed to cool 
slowly. After some time crystals start appearing. The crystals are then 
separated by filtration and dried in a vacuum desiccator. 


FILTER PUMP 
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A mixture of common salt and sugar is separated by dissolving the 
mixture of ethanol. Sugar dissolves while common salt remains insoluble. 
Similarly a mixture of naphthalene and benzoic acid can be separated by 
taking the mixture in hot water. Benzoic acid dissolves and naphthalene 
remains undissolved. 


18.23 Fractional Crystallization 

In case the compound and the impurities do not differ much in 
their solubilities, then separation can be effected by fractional crystal- 
lization. On cooling the hot saturated solution, the least soluble com- 
ponent separates out first leaving behind liquor which will be rich in more 
soluble components. Thus, the first crop of crystals will be richer in the 
least soluble component, whereas the last one will be richer in highly 
soluble component present. A number of such repetition will give a pure 
sample of the compound. 


18.2.4 Sublimation 
Large number of organic 
substances such as camphor, 
naphthalene, anthracene, in- 
digo, anthraquinone, benzoic 
SUBLIMATE acid, etc. vapourize directly to 
gaseous state on heating before 
they melt and the vapours be- 
come solid on cooling. Thus, 
they can be purified from non- 
volatile impurities by sublima- 
tion technique. 

The crude sample of the 
substance is placed on a watch 
glass or shallow porcelain dish 
covered with a small inverted 
funnel. The stem of latter is 
packed with cotton or glass- - 
wool. The dish is carefully - 
б MEE heated on a sand bath when 

Fig. 18.2. Sublimation pure solid sublimate gets 
deposited on the inner walls of the funnel. The non-volatile impurities 
are left behind as residue in the dish. Substances which undergo decom- 
position when sublimed at ordinary pressure are sublimed under reduced 
pressure. 

18.2.5 Simple Distillation 

Purification of a volatile liquid contaminated with non-volatile im- 

purities is done by this technique. The substance is converted to gaseous 
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The crude sample is taken in a distillation flask fitted with a ther- 
mometer, a condenser and a receiver (Fig. 18.3). The distillation flask is 
heated and when the boiling points of volatile component is reached, the 
same begins to distil over. The temperature remains steady until this con- 
stituent passes over and then the temperature begins to rise until the boil- 


Fig. 18.3. Simple distillation 

ing point of next higher boiling component ds reachea and the same 
begins to distil over and so on. Bumping and superheating of the liquid is 
avoided by adding a few small pieces of glass beads of unglazed porcelain 
or (pumice stone) to the flask. ; 

In a case the boning point of liquid is above 390K an air condenser 
( a long wide glass tube attached to the distillation flask) should be 
employed in place of a Liebig's water condenser. Further purification of 
the distillate can be achieved by repeating this process until the substance 
distils over at its boiling point. In case the liquid to be purified is high 
boiling or decomposes below its boiling point, the distillation is carried 
out under reduced pressure (Fig. 18.4). 

When the boiling points of the liquids are close to each other as in 
the case of acetone (b.p. 333K) and methyl alcohol (bp. 338K) they can 
be separated by fractional distillation (Fig. 18.5) using a fractionating 
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Fig. 18.4 Distillation under reduced pressure 
column. 
18.2.6 Fractional 
Distillation 
There are many 
types of fractionating 
columns available 
(Fig. 18.6) but they 
fulfil the same 
purpose, ie, to 
increase the cooling 
surface and to provide 
an obstruction in the 
path of ascending 
vapours and 
descending ^ liquids. 
One of the simplest 
colimns consists of a 
long tube packed with 
small inert materials 
such as glass beads 
: (Fig. 18.5) which does 
not react with the 
Fig. 18.5 Fractional distillation substances being 
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(b) (c) (д) (е) 


Fig. 18.6. Fractionating columns 


distilled. This tube is fitted to the neck of the flask containing the mixture 
of liquids to be distilled. When a mixture of vapours rises up the column, 
those of less volatile liquid condense on the glass beads more readily than 
those of the more volatile liquid. Then as the condensed liquid trickles — 
down the column, it is heated by the rising vapours. Some of it again 
vapourizes to give vapours richer in the component with the lower boiling 
point. These vapours condense further up in the column and are heated 
by the rising vapours. And again the condensed liquid is partially 
vapourized to give vapours still richer in the lower boiling point 
component. As a result of the many vapourizations (evaporation) and 
condensations, the vapours ascending the column become progressively 
richer in the more volatile liquid, ie., richer in the lower boiling point 
liquid. The vapours emerging from the top of a column condense to a 
liquid which is essentially the pure lower boiling point component, and 
this is then collected in the reciever. This process is known as fractional 
distillation. 
18.2.7 Steam Distillation 

Liquids which are steam volatile and sparingly soluble in water (for 
example, aniline) may be purified by ‘steam distillation’ (Fig. 18.7). 
Steam is passed through the liquid to be purified and the vapours of 
steam and volatile organic compound are condensed. The distillate is 
separated into an aqueous layer and an organic compound layer using a 
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separating funnel (Fig. 18.8). The method is used extensively to purify 
essential oils and turpentine oil obtained from plants. 


TO SINK 


SOLVENT 2 
INTERFACE 


SOLVENT 1 R 


Fig. 18.8. Separating funnels 


Theory. Since water and the substance to be separated are 
immiscible, the sum of their individual vapour pressure, when the mixture 
boils, must be equal to the atmospheric pressure P (by Dalton’s law of 
partial pressures), i.e., 


868 


ELE 


P FE + Py 
or p,-P x 
Where P, and P, are the vapour pressures or the organic compound 
and water. 


Evidently, the partial vapour pressure of each constituent is less 
than the atmospheric pressure, and hence, the apparent boiling point of 
each constituent is less than the normal boiling point. Consequently, the 
principle involved in steam distillation process is somewhat similar to that 
in vacuum distillation. 

Let the masses of the organic substance and water which distils 
over be Wy and W respectively. Let M be the molecular mass of the or- 
ganic substance. ihe molecular mass of water, is 18. 

W, рхМ (Р pM 


Wy Pw*18 Pw*18 

The value of P and pẹ are calculated from the standard tables and 
barometeric height respectively, and hence, the ratio of the masses of or- 
ganic substance and water in the distillate may be computed. 
18.2.8 Differential Extraction 

Organic compound, whether solid or liquid, can be recovered from 
its aqueous solution by shaking it in a separating funnel with a suitable 
water immiscible solvent in which the organic compound is much more 
soluble than in water. The separating funnel is then allowed to stand un- 
disturbed tor sometime when solvent (containing most of the compound) 


ORGANIC COMPOUND 
IN SOLVENT LAYER 


ORANIC COMPOUND 
IN ACQUEQUS LAYER 


BEFORE EXTRACTION AFTER EXTRACTION 
‘Fig.18.9. Differential extraction 
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and water form two separate layers (Fig. 18.9.). The solvent layer is then 
separated from aqueous layer by opening the tap and washed with water. 
Now the solvent is removed by distillation when the pure compound is left 
behind. Benzoic acid, for example, can be purified by its extraction with 
benzene. 


18.2.9 Chromatography i | 

In 1906, the botánist M.Tswett separated a coloured plant pigments 
(such as chlorophyll) into components of different hues (colours) by pass- 
ing a solution of the pigment through a column of finely divided adsorp- 
tive material such as precipitated chalk (СаСОз). The method was called 
chromatography. "Chromatography", as understood today, may be 
defined as the process of selective retardation of one or more com- 
ponents of a fluid uniformly percolating through capillary passage ways. 
It is based on the difference in ihe rate, at which the components of a 
mixture move through a porous medium (called, the. stationary phase) 
under the influence of some solvent or gas (called, the moving phase). 


Chromatography is an extremely valuable method for the separa- 
tion of ionic and molecular Species, non-polar and polar molecules, 
geometrical and optical isomers, isotopes, efc. It has also been used for 
the identification and purification of the constituents of a mixture. 
Chromatographic techniques may be classified into (a) column 
chromatography, (b) paper chromatography, (c) gas chromatography, 
(d) ion exchange chromatography, etc. 


à The simplest chromatographic method is column chromatography. 
In this technique, a suitable adsorbent alumina, silica gel, powdered cel- 
lulose, finely divided natural Silicates or ground glass is packed in a small 
glass column. The mixture is taken in a suitable solvent. The solution 


ponents from the various adsorbed zones selectively, and thus, *work out 
the different zones (or bands) in the form of solutions which are collected 
separately. The cluted liquids from each zone is then distilled off to get 
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Fig.18.10. Chromatography: (a) movement of a band of solute through the 
быз phase depends on the processes of desorption and readsorption; 
(b) typical set up for purification by solid-liquid chromatography 


the various components in pure form. The eluents usually employed are 
petroleum ether, carbon tetrachloride, benzene, alcohol, etc. More than 
one eluent may be used in certain cases. The principle of column 
chromatography is illustrated in Fig. 18.10. 


18.3 QUALITATIVE ANALYSIS OF ELEMENTS 
In the study of any organic compound it is necessary to know the 
elements present in it. The steps to be followed for determining the per- 
centages of elements in the compound are decided on the basis of its 
бы, - + 
жил р ordinarily present in organic substances are carbon, 
hydrogen, oxygen, nitrogen, sulphur and halogens. Their presence can be 
tested by the tests detailed below. 


871 


18.3.1 Tests fer Carbon and Hydrogen 


A dried sample of the organic substance is mixed with dry cupric 
oxide in the ratio of 1 to4 and heated (Figs. 18.11 and 18.12). The carbon 
present is oxidized to carbon dioxide and the hydrogen to water vapour. 


(С) + 2Cu0 ——- CO» + 2Cu 
Н) + Cu0— — ЊО + Cu 


MIXTURE OF SAMPLE GUARD TUBE CONTAINING 
AND DRY COPPER OXIDE || SODA LIME 


Fig.18.11. Detection of carbon and hydrogen 


The gaseous products of reaction are passed first over anhydrous 
copper sulphate powder (white) and then through lime water. Water 


vapours turn anhydrous white copper sulphate to hydrated blue copper 
sulphate. Carbon dioxide turns lime water milky. 


CuSO4 + 5H20 — —, CuSO4.5H20 


(White) (Blue) 
Са(ОН): + СО; ——+ CaCOx() + ЊО 
(White) 


18.3.2 Test for Nitrogen 
(i) Heating with soda-lime : The substance to be tested is mixed 


with soda-lime and heated. Active component of soda-lime is NaOH. If 
there is smell of ammonia it indicates the the presence of nitrogen. This 
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VAPOURS OF ORGANIC 
COMPOUND 


Еір.18.12 ‘Detection of carbon and hydrogen in a volatile organic liquid 
or gas 
test is positive for amides. Some nitrogen compounds do not respond to 
this test. (e.g., nitro and diazo compounds). 
CH3CONH2 + NaOH CH3COONa + NH3 


Lassaigne’s Test : It 
is the most reliable test for 
detecting nitrogen as well 
AROKEN as sulphur and halogens. 
33 аш The organic compound is 

SODIUM fused with sodium or 
\ EXTRAG potassium (Fig. 18.13) to 
BURNER convert the element 
реа present to the ionic form. 
This is done by heating a 
pea-sized piece of sodium 

Fig. 18.13. Fusion of organic compound with metal in a combustion 

sodium or potassium tube. Organic substance is 

added to the molten 

sodium, After some sub- stance has reacted, the heating of the 

tube is gradually increased to redness. The red hot tube is broken into dis- 

tilled water kept ina dish. The solution is then heated to boiling for a few 
minutes. Any of the sodium metal, left unreacted, reacts with water. 

2Na + 2HOH————> 2NaOH + H2 
The solution is filtered hot (Fig. 18.14). The filtrate contains 
sodium or potassium salts formed in an alkaline medium (residual excess 


of the metal gives alkali), 
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This alkaline solution is called *Lassaigne's test solution’ or sodium 
extract and is used for the detection of the element. + 

In this process, the nitrogen of the organic substance is converted 
to sodium cyanide, sulphur to sodium sulphide or thiocyanate(or sulpho- 
cyanide)and the halogens to the respective halides. All these are soluble 


in water. 
Na+ (С) + (N)— — ——» NaCN (cyanide) 
2Na + (S) — — ——» Ма, $ (sulphide) 
Na + (S) + (C) + (N) ———> Na SCN (sodium thiocyanate) 
Na+X > МаХ (halide) 
(X = Cl, Br, I) 


Thesolutionis filtered 
hot (Fig. 18.14). The 
filtrate contains sodium or 
potassium salts formed in , 


ап alkaline medium 


(residual excess of the 


LASSAI : ; 
n AN metal gives alkali). 


This alkaline sctütion 
is called ‘Lassaigne’s test 
solution’ or solution extract 
and is used for the det- 


ection of the element. 


Fig. 18.14. Preparation of 
Lassaigne's test solution. 


To detect nitrogen, the filtrate is heated with a freshly prepared fer- 


Pia: i solution when sodium (or potassium) ferrocyanide is 
ormed. 


2NaCN + FeSO, ——+ NajSO, + Fe(CN) 
Fe(CN) + 4NaCN ——» Na, [Fe (CN)s] 
While the solution is being boiled, some ferrous is also oxidized to 
ferric. When the solution is neutralized with dilute sulphuric acid, ferric 
reacts with ferrocyanide to give ferric ferrocyanide (Prussian blue). 
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3Na4 [Fe(CN)s] + 4Fe?* ——> Fea[Fe(CN)e]s + 12Ма* 
Ferric ferrocyanide 
(Prussian blue) 
This shows the presence of nitrogen in the organic compound. 
18.3.3 Detection of Halogens 


Lassaigne’s test solution is boiled with nitric acid to decompose 
cyanide or sulphide, if present, to volatile hydrogen cyanide and hydrogen 
sulphide respectively. 

CN + НМОз ——» NO, + HCN 
S^^ + 2HNO3 ——— 2NO3 + H2S 

The solution is cooled and silver nitrate solution added when silver 
halide precipitate appears if halogen is present. 

X^ + AgNO3 —-> AgX(s) + NO3 

A white precipitate (AgCI) soluble in ammonium hydroxide 
indicates the presence of chlorine in the compound. 

AgCI + 2NH3 ——> [А МН] А 
(Soluble complex) 

Light yellow precipitate (AgBr) sparingly soluble in ammonium 
hydroxide and yellow precipitate (Agr) insoluble in ammonium hydroxide 
show the presence of bromine and iodine respectively. 

The presence of bromine or iodine in the organic compound may 
be confirmed by acidifying Lassaigne’s test solution with nitric acid and 
adding a few drop of chlorine water to oxidize the halide present to cor- 
responding halogen. The liberated bromine or iodine is identified by 
shaking the solution with an organic solvent (chloroform or carbon 
tetrachloride) when the halogen goes into the solvent layer (Fig.18.15) 


Fig. 18.15. Extraction of bromine or iodine in solvent. 
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giving it a characteristic colour (brown layer in case of bromine and violet 


3n case of iodine.) 
Вг + Cb———— 261 «4 Br 
(Brown in solvent) 
2] + Ch: ———2C0 +h 
(Violet in solvent) 


183.4 Detection of Sulphur 

‘To one portion of Lassaigne’s test solution is added acetic acid and 
lead acetate. A black precipitate of lead sulphide is formed if sulphur is 
present in the compound. 

527 + (СНЗСООО):РЬ ——> 2CH3COOO ^ + PbS(s) 

Black 

To the other portion of the solution is added sodium а 
The formation of a violet coloured complex shows the presence of 
sulphur. 


183.5 Detection of Phosphorus 

An organic compound is fused with sodium peroxide. The fused 
mass is extracted with water. The aqueous extract is boiled with con- 
centrated nitric acid and treated with ammonium molybdate solution. 
The appearance of a yellow precipitate of ammonium phosphomolybdate, 
(NH4)3 [PMoj?O40], indicate the presence of phosphorus in the com- 
pound. 
18.3.6 Detection of Oxygen. 

There is no method for the direct detection ot oxygen bearing 
groups such as - OH, — СООН, —NO2 —CHO, > С = О, erc. 
184 QUANTITATIVE ANALYSIS OF ELEMENTS 

After the detection of elements present in an organic compound 
the next step is the quantitative estimation of elements present in it. We 
shall now describe the methods of estimating hydrogen, nitrogen, 
halogens, sulphur, phosphorus and oxygen in organic compounds. 
18.4.1 Estimation of Carbon and Hydrogen (Liebig’s Combustion 

Method) 

In this method carbon and hydrogen are estimated simultaneously. 
A known mass (Wg) of the organic substance is mixed with an excess of 
cupric oxide powder and heated in a stream of purified oxygen (CO2 
free). This oxidizes carbon to carbon dioxide and hydrogen to water 
vapour. The gases are passed over a heated bed of coarse copper oxide to 
complete the oxidation. The gases produced by combustion are passed 
through two weighed absorption tubes (or bulbs), the first of which con- 
tains anhydrous calcium chloride and the second conc. potassium 
hydroxide solution (potash bulb). Hydrogen present in the sample of 
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oxidized to НгО which is absorbed in an anhydrous CaClz tube (Fig. 
18.16). The increase in the mass of this tube (W7.) corresponds to the 
amount of water produced. The increase in the mass of the bulb (Wg) 
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Fig. 18.16. Apparatus for estimation of carbon and hydrogen 
corresponds to the mass of CO2 produced. From these results, the 
proportion of carbon and hydrogen present in the sample can be calcu- 
lated. 

Now,44gof CO? = 12gof carbon 


12 W2 
Therefore, percentage of carbon = — x — x 100 
H Ww 


Also, 18g of H2O = 2g of hydrogen 
2 WA 
Therefore, percentage of hydrogen = — x — x 100 
18° W 
Exercise 18.1 In the combustion of 0.2100 g of an organic sub- 
stance, 0.1620 g of CO2 and 0.1215 g of water vapour were obtained. Cal- 
culate the percentage of carbon and hydrogen in the substance. 


12x0.162 100 
Solution. Percentage of carbon = ——— — X = 21.04 
44 0.21 
2x0.1215 100 
= 6.42 


Percentage of hydrogen = ————— X 
оаа зке 18 021 


18.4.2 Estimation of Nitrogen 

Nitrogen can be estimated either by Dumas’ method or Kjeldahl’s 
method. Dumas’ method is of general application to nitrogen containing 
organic compounds. 
Duma’s method 

A known mass of an organic compound (W g) is heated with cupric 
oxide in an atmosphere of carbon dioxide (Fig. 18.17.) Carbon, hydrogen 
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Fig. 18.17. Duma's assembly for estimation of nitrogen. 


and sulphur present in the compound are oxidized to CO2, H20 and 502, 
respectively, while nitrogen is released or possibly converted to some of 
its oxides. The gaseous nixture is passed over a hot reduced copper gauze 
to reduce back oxides of nitrogen to free nitrogen. It is then collected in a 
nitrometer containing concentrated potassium hydroxide solution which 
absorbs all other gases except nitrogen. The volume of nitrogen collected 
(VimL) is noted along with the room temperature (T1K) and atmospheric 
pressure (Pjmm Hg). 
Applying gas equation, we obtain : 


Volume of nitrogen at STP = а х AR = урт, 


Mass of v ml of nitrogen at STP = —————-g 


Š 


28 x v x 100 
22400 x W 


Exercise 18.2 0.0280 g of an organic compound produced 5.60cm? 
of nitrogen, measured dry and corrected to STP in Dumas’ deterinina- 
tion. The density of nitrogen is 0.00125 g cm ? at STP. 5.60 cni ? | 
nitrogen weigh 5.60 x 0.00125 р. Calculate the proportion of nitrogen in 
the compound. 


Solution. 5.60 x 0.00125 x 100 
Percentage of nitrogen — 


Therefore, percentage of nitrogen 


= 25.0 
0.0280 


| 


ERE 
Kjeldahl's method : 

1 This method can be carried out more easily than Dumas’ method 
owever, it is not applicable to compounds in which nitrogen is di , 
Wa po in which nitrogen is directly 
A known mass of an organic compound (W g) is heated with conc. 
H92SO4 and a smal! amount of copper sulphate (catalyst) in a long necked 
pear shaped Kjeldahl's flask (Fig. 18.183). The method is based on the 

CONCENTRATED 

SOLUTION 


OF SODIUM 
HYDROXIDE 


DILUTED 
SOLUTION 


STANDARD 
ACID 


Fig. 18.18. Kjeldahl's assembly for nitrogen determination. 
(a) Long-necked Kjeldahl flask in which the organic compound is digested 
with concentrated sulphuric acid. (b) Ammonia distillation apparatus used 
in the second stage of the Kjeldah'l determination. 


fact that nitrogen in an organic compound can often be converted to am- 
monia by the prolonged action of hot conc. sulphuric acid, the end 
product being ammonium sulphate. The contents of the Kjeldahl's flask 
are transferred to another flask and heated with sodium hydroxide solu- 
tion (Fig. 18.18 b). The liberated ammonia is distilled over (or absorbed) 
into a known volume of standard acid (the splash head serves to prevent 
any sodium hydroxide sparay from being carried over into the standard 
acid). The amount of ammonia liberated is determined by back titrating 
the excess acid with standard alkali. 

The amount of acid neutralized (Vi mL of normality Nj) is 
determined by titrating it with a standard alkali and this corresponds to 
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the amount of ammonia evolved. We know,V; ml of normality № acid = 
V1 mL of normality Ni ammonia. Now 1000 mL of normal ammonia = 
17g of ammonia = 14 g of nitrogen. 


14 VAN: 
Thus, V1 mlofNi ammonia = bs da. Se g of nitrogen 
1000 
14ViN 100 
Hence, percentage of nitrogen — RE dot 
1000 Ww 


Exercise 18.3 On estimating nitrogen in 1.5250 g of an organic sub- 
stance by the Kjeldahl method, the ammonia evolved on heating with 
NaOH solution was absorbed in 30.0 mL of normal H2SO4 solution. The 
residual acid required 120 mL of N/10 NaOH for neutralization. Calcu- 
late the percentage of nitrogen in the organic substance. 


Solution 
Mass of the substance taken = 1.5250g 
Volume of normal H2SO4 solution takea = 30.0 mL 
Now acid left unused z 120 mL N/10NaOH 
= 120 mL N/10 H2504 
= 120 x e de 12 mL N H2S04 
10 


Acid neutralized by NH3 = 30—12 = 18 mL 1N NHs solution 
or 18 mL 1 N H2504 =18mL1N NH, solution 

But 1,000 mL of normal ammonia solution contains 17g of anmonia 
or 14 g of nitrogen. 


1,000 mL1N ammonia ~ = 14 g nitrogen 

18 mL 1 N ammonia = X 14 or 0.252 g nitrogen 
1000 

Nitrogen in 1.525 g of substance = 0252 g 

or percentage of nitrogen -a Uaa x 100 = 16.5 
1.525 


18.43 Estimation of Halogens (Carius Method) 


a A known mass of an organic compound (W g) is heated with fuming 
nitric acid and a few crystals of AgNOs in a sealed hard glass tube known 
as Carius tube (Fig. 18.19a). The sealed tube is placed in an iron socket 
tube heated in a special furnace. The furnace temperature is maintained 
near 475K (Fig. 18.19b) for six to seven hours and then the furnace is 
allowed to cool down to room temperature. The halogen part of the 
substance is converted to the corresponding silver halide. After breaking 
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Fig. 18.19. Estimation of halogen by Carius method. 


the seal, the contents of the Carius tube are collected. Silver halide is 
filtered, washed, dried and weighed. Percentage of the halogen is then 
calculated from the mass of silver halide formed. 

Let the amount of AgX produced be Wig. We know, 

Atomic mass of X = Molecular mass of AgX 


Thus, 
Mass of halogen in W1 g of AgX 
Atomic mass of X x Wig 


Molecular mass of AgX x Wig 
Therefore, percentage of halogen 


ih Atomic mass of X x Wig x100 


Molecular weight of AgX x Wg 
Exercise 18.4 1n a Carius estimation 0.1890 of a chloro-compound 
gave 0.2870 g of AgCI! precipitate. Calculate the percentage of chlorine in 
the compound. 
Solution: Chlorine іп 143.5gof AgCl = 35.5g 


0.287 

Chlorine in 0. 2870 g of AgCl = ———— х 355 = 0.071 g 
143.5 
0.071 

Percentage of chlorine - ms x100 — 37.6 


18.4.4 Estimation of Sulphur / ; & 

A known mass of an organic compound (W g) is heated with fuming 
nitric acid and barium chloride acid in a Carius tube (Fig. 18.19). The 
sulphur present is oxidized to sulphuric acid. The acid, thus, produced is 
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precipitated as barium sulphate. The precipitate is filtered, washed, 
` dried and weighed (Wig). We know, 
BaSO4 = $ 
(233 g) (32 р) 


233 g of BaSO4 contain 32 р of sulphur 
32 

Therefore, W1 g of BaSO4 will contain — х Ил g of sulphur 
233 


WA 


32 
Hence percentage of sulphur X x x0100 
ВИ 


Exercise 18.5 In а Carius estimation 0.2595 g of an ограпіс сот- 
pound gave 0.3500 р of BaSO4 precipitate. What is the percentage of sul- 
phur in the compound (Ba = 13734, 8 = 320,0 = 16.0). 


Solution 
-Molecular mass of BaSO4 = 137.34 + 32.0 + 16.0 = 233.34 
Sulphur in 233.34 g of BaSO4 -320g 
0.35 x 32.0 
Sulphur in 0.3500 g of BaSO4 - ЖУБЫ PA = 0.0479 g 
З; 


0.0479 
Percentage of sulphur = — — — — x 100 = 18,5 
0.2596 


18.4.5 Estimation of Phosphorus | 


A known mass of an organic compound (W g) is heated with fuming 
nitric acid in a Carius tube (Fig. 18.19) and the phosphorus present is 
oxidized to phosphoric acid (H3PO4). The acid, thus, produced is treated 
with magnesia mixture (magnesium chloride, ammonium chloride and 
ammonium hydroxide. А precipitate of magnesium ammonium 
phosphate (Mg МНАРОМ) is obtained which on ignition yields ИЛ g of 
magnesium pyrophosphate (Mg2P207). 

We know, Mg,P,0, = 2P 

(222 g) (62 g) 

22 g of Mg2P207 contains 62 g of phosphorus 


| Therefore, Ил g of Mg2P207 will contain ES х Ил g of phosphorus 


Hence, percentage of phosphorus — E m. 
18.4.6 Estimation of Oxygen 


The percentage of oxygen in an organic compound is determined 
by substracung the sum of the percentages of all other elements from 100. 
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Exercise 18.6 From 0.2100 g of an organic substance 0.4620 g of 
CO2 and 0.1215 g of H20 were formed. On heating 0.1040 g of the same 
substance with caustic soda yielded all its nitrogen as ammonia, 
neutralization of which needed 15 mL of N/20 H2SO4. If oxygen is a only 
other element present in the substance, what is its percentage in the 


substance ? 
Solution : 
+ 12 100 
Percentage of carbon in the substance = 0462 x 4 7021“ 600 
; 2 100 
Percentage of hydrogen in the substance = 25  021- = 643 


Now, 17 g of NH3 


14 g of nitrogen 
i a 3 N 
Ammonia evolved on heating with NaOH = 15 mL of san H2504 


N 
= 15mL fs NH3 Solution. 


But 1000 mL of 1N NH3 solution. = 14g of Nitrogen 
N А 14 15 gof Nitrogen 
15 ml of —— NH3 solution. = —— x —— 
20 1000 20 
15-х 14 100 
Percentage of nitrogenin the substance-—————_ x ———_ = 1009 


1000 x 20 0.104 


Sum of percentage of C, Hand М = 60.00 + 6.43 + 10.09 = 76.52 
Percentage of oxygen = 100 — 76.52 
= 23.48 
185 DETERMINATION OF MOLECULAR MASS 


Molecular mass ( i.e., the mass of one molecule as compared to the 
mass of one atom of oxygen taken as 16 or carbon taken as 12) of a 
| substance may be determined either by physical methods (Victor Meyer, 
freezing point depression or boiling point elevation) or chemical methods 
(volumetric). 
18.5.1 Victor Meyer's Method 
A known mass of an organic compound (W g) is converted to its 
vapour (in Victor Meyer's apparatus,Fig. 18.20) The vapour is made to 
displace an equal volume of air (Vi mL) which is collected in a graduated 
tube over water. The pressure of air (P mm Hg) and the room tempera- 


ture (ТІК) are also noted. Applying the gas equation, we obtain: 
Px Vix 273 


Volume V2 of air displaced at STP = 
Ti x 760 
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Now V2 mL of vapour of the substance at STP weights W р. There- 
fore, 22 400 mL of vapour of the substance at STP will weigh W x 22 400 
which is equal to the molecular mass of the substance. K 
18.5.2 Molecular Mass by Elevation of Boiling Point or Depression of 

Freezing Point 

The molecular mass of a non-volatile organic compound can be 
determined by measuring elevation in boiling point of a solvent by dissolv- 
ing a known mass of the compound (solute) in a known quantity of the 
solvent. Similarly with the addition of a substance the freezing point of 
the solvent is lowered down. 
(i) Elevation of boiling point: The boiling point of a liquid is the 
temperature at which the vapour pressure of the liquid is equal to the 


VICTOR MEYER'S TUBE 


DISPLACED AIR 


Fig. 18.20. Victor Meyer's apparatus 


atmospheric pressure. The vapour pressure of a solvent reduces on 
addition of a non-volatile solute, Thus, to make vapour pressure equal 
to atmospheric pressure, we will have to heat the solution to a higher 
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temperature. This means that the boiling point of the solution is 
higher than the pure solvent. 


(ii) Depression of freezing point: The freezing point of а liquid 
is the temperature at which the vapour pressure of the liquid and 
the solid states of the substance are the same. It has been found 
that the freezing point of a solution lowers down on addition of a non- 
volatile solute in the solvent. The apparatus used for the determination 
of molecular mass by depression in freezing point is shown in Fig. 18.21. 


Using the equation, 


AT = [ Menu ] " 
1000 m = Kem 
21 


BECKMANN 
THERMOMETER 


FREEZING 
POINT TUBE 


SOLUTION MIXTURE 


Y "О 


Fig. 18.21. An assembly for the determination of depression of freezing 
point. 
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Where AT; = depression in freezing point 


Kt = constant M, = Molecular mass of compound. 
m = molality 


Solution : 


Here mass of liquid, w = 0.1 & Pi = 750—174 = 732.6 torr, Vj 
= 25.0mL;T, = 293K ; T2 (at STP) = 273K ; P2 = 760 torr; V2 = ? 
We know Р РИ» 


E Т 
732.6 х 25 760 хү 
293 273 
273 х 732.6 x 25 
Volume at STP, V; og = secs psi Ped 
293 x 760 
= 2246 mL or 0.02246 L 
Mass of 0.02246 L at STP of vapour = 0.100 g 
22.4 


or mass of 22.4 L at STP of vapour = 


х 0.100 = 99.95 р 
0.02246 


Hence, the molecular mass of liquid = 99,95 
18.5.3 Volumetric Methods (for Acids and Bases) 


In this method a known quantity of the substance is dissolved in 


| can be obtained, 


For acids : Let Vi mL of Nj alkali be used for neutralization. Then, 
Vi mL of Nj alkali = W g of acid 


w 1000 
1000 mL of normal alkali = —_ X —— gofacid 
Vi Nı 
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_ Now, 1000 mL of normal alkali contain 1 g equivalent of the alkali 
and it should neutralize 1 g equivalent of the acid. 


Therefore, equivalent mass of the acid = „И х 00 
Vi Nı 
Molecular mass of the acid = ш > M ) x Basicity of acid. 


Vi N2 
For bases : A known mass of a base (W g) is dissolved in water or 
alcohol and titrated with a standard acid. If тЇ of Nj acid is used for 
neutralization, then proceeding as before, we obtain : 


: W 1000 
Molecular weight of the base = Cu ce ARS x Acidity of base. 


Exercise 18.8 : On combustion 0.200 g of a monobasic organic acid 
gave 0.505 р CO2 and 0.0892 р water. For neutralization 0.183 g of the 
acid dissolved in water 15mL of N/10 NaOH were required. Calculate 
the molecular mass and the molecular formula of the acid. 


Solution : 
А 12 100 
Percentage of carbon in the acid = —a* 0505 x aT = 68.86 
Percentage of hydrogen inthe acid = m x 00892 x = = 495 
Percentage of oxygen = 100 — (68.86 + 4.95) = 26.19 
(by difference) 


18.6 CALCULATION OF EMPIRICAL AND MOLECULAR 

FORMULAE 

The empirical formula of a compound represents the simplest 
whole number ratio of the atoms of various elements present in the 
molecule. In order to determine the empirical formula: 

(i) Divide the percentage composition of different elements by 
their respective atomic masses. This gives the atomic ratio (i.e. relative 
number or atoms). 

(ii) Divide each of the atomic ratios by the lowest one amongst 
them to obtain the simple ratios of the various elements in the compound. 

(ii) If the figures of the simple ratios are not whole numbers they 
are converted to whole numbers by multiplying with a suitable common 
factor. 

` Exercise 18.9 : An organic compound contains 54.5% C and 9.09% 
H. Calculate its empirical formula. 
Solution: Percentage of oxygen = 100 — (54.5 + 9.09) = 36.41 
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tomic Relative number of Simple ratio Simple whole 
ева а a Monde ү (Dividing by the nuniber ratio 
smallest factor) 


Carbon 54.50 12 54.50 4.54 2 
22 = 450 —— = 
12 2.27 
J 4 
Hydrogen 9.09 1 9.09 = 909 9.09 „4 
1 2.27 
i 1 
Oxygen 36.41 16 л, 227 
16 2.27 
WSCA I e e amen nica 
Empirical formula is C2H4O 


Exercise 18.10 : 0.1890 g of an organic compound gave 0.1760 g of 
CO» and 3.0544 g of H20. 0.2079 р of the substance produced 0.3157 g of 


AgCl by Carius method. Determine the empirical formula of the 
substance. 


nontoni 12 x mass of CO2 x 100 
Percentage of carbon = —— 
44 x mass of compound 
12 x 0.1760 x 100 
44 x 0.1890 
25% f wat 1 
Percentage ofhydrogen = аы агг 100 
18 x mass of compound 
_ 2 x 0.0540 x 100 
18 х 0.8890 
Percentage of chlorine = 355 x mass of AgCI x 100 
143.5 x mass of compound 
355 x 03157 x 1 
143.5 x 0.2079 
Percentage of oxygen = 130 — (25.40 +3.17 - 37.57) = 33.86 
Element Atomic Per- Relative number of Simple ratio Simple whole 
mass centage atoms (Dividing by the ЙС ratio 
smallest factor) 
Saha Rae CEE) NIT 
С 
12 2540 25.40 2212 2.12 Ld 2 
H 1 317 y ait 
TL 2317 шыч: 3 
35.5 3751 3 75 106 
à S 1 1 
355 ^ 1.06 "ny =1 
16 33.86 3386 "d 2.12 2 
ig ae =. =2 


Hence, the empirical formula is C2H3ClO2 
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The molecular formula represents the actual number of atoms of 
different elements present in a molecule of a compound. In order to 
determine the molecular formula of a compound, we require : 

(i) empirical formula and empirical formula mass 

(ii) Molecular mass 

Molecular formula and empirical formula can either be the samc or 
the former is a simple multiple of the latter. Thus, Molecular formula = 
n x Empirical formula 

(where n — 1,23 etc. and is obtained by dividing the molecular 
mass by empirical formula mass). 

If n is not a whole number, it is changed to the nearest whole 
number. 

Exercise 18.11 : On combustion, 0.152 g of an organic compound 
gave 0.304 g of CO2 and 0.124 g of H20. The vapour density of the 
compound was 44. Calculate its molecular formula. 


Solution : 
12 x 0.304 x 100 
Percentage of carbon = ———— — —— = 5455 
44 x 0.132 
2 x 0.124 x 100 
Percentage of hydrogen — - 
18 x 0.152 


Percentage of oxygen = 100 — (54.55 +9.06) = 36.39 


Element Atoms pen Relative number of Simple ratio Sum e whole 
С 12 54.55 = = 455 Ao Tu 2 
g } de De = 9.06 a =4 ; 
227 1 
о 16 3639 3639 _ 227 m G 


Hence, the empirical formula is C2H40 
Empirical formula mass — (2х 12+ 4х1+1х 16) = 4 


Molecular weight of the compound = vapour density x 2 — 44 x 


2 = 88. 
Molecular mass 88 : 


Empirical formula mass 44 


Hence, the molecular formula = nx Empirical formula 
= 2 x (C2H40) = C4H802 


Therefore, n 
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18.7 MODERN METHODS OF STRUCTURE ELUCIDATION 

It has been possible to establish the structure of a compound by the 
help of new scientific instruments and devices: X-ray diffraction, NMR, 
mass spectrometer efc. Molecular masses and molecular formulae can be 
easily determined by mass spectrometry. The nature of functional group 
present in the organic compound is established from electronic, infrared 
and nuclear magnetic resonance Spectroscopic methods. X-ray diffrac- 
tion studies help us to determine the bond length, bond angles and the 
three dimensional structure of the molecule. The detailed studies of 
these modern tools will be taken up in higher classes. 


SELF ASSESSMENT QUESTIONS 


Multiple Choice Questions : 


18.1 Ра tick ( V ) mark against the suitable choice: 
(i 


A mixture of water and ethyl alcohol is known as (homogeneous, 
heterogeneous) 


(i) А mixture of chloroform and benzene can be Separated by (distillation, 
sublimation or filtration). 
(iii) Оп sublimation of a mixture of sand, sulphur, iodine and common Salt, the 
sublimate will be (sand, sul hur, iodine, common salt 
(iv) А mixture of Sugar, sand and sodium chloride is dissolved in water and then 
еа ee a filter paper. The residue will be (sugar, sand, sodium 
chloride). 
(v) ERR ES of a solid directly to vapours is called (distillation, sublimation, 
evaporation). 
(vi) е Tyndall effect is shown by a liquid, it must be a (true solution, colloidal 
solution, pure liquid). 
(vii) The melting point of a substance varies over a range of temperature. The 
substance is (pure, impure). 
18.2 Fill in the blanks 
i) Milkisa solution. 


ii) A mixture of benzene and water can be separated by a process called 
i The mixture does not have a 


composition. 
iv А compound сы be separated inte its constituent elements by 
means. 

K Smoke is a mixture of and 
vi) The purity of a substance can be teste determining its 

(vii) Distillation is a metnod for purifyin, : 

18.3 Choose thr true statements of the followings : 

i) Solutions are homogeneous mixtures of only two substances. 
ii) On heating, a pire substance melts over a range of temperature. 
» Two miscible liquids are Separated using a separating funnel. 
iv) A mixture of iron filings and sulphur can be Separated using carbon disulphide. 


v) In a solution, the dissolved substance is called the solute and the substance is 
called the solvent. 


(vi) When two liquids, A (b.p. 110°C and B (b.p. 80 °С m 
... be distilled first. (b.p ) (b.p. ) are distilled, | 


(vii) A mixture of wood and sand can be separated by filtration method. 


INAL QUESTIONS 
separated from a mixture of organic and inorganic 


iquid B would 


j TERM. 
18.1 How can an organic substance be 
substances ? 


similar substances from mixtures. 
18.3 How are the components of a liquid mixture separated ? 


184 Explain the process of "fractional distillation" and "steam distillation". 
18.5 Describe the general method of purifications of liquids . 


8.6 How can we show the presence of carbon, hydrogen, 


and oxygen in an organic 
substance ? SE у 
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18.7. Describe the detection of nitrogen, sulphur and iodine in an organic substance giving 
equations whwreever posible. 

18.8 Describe the test for identifying halogens in organic compounds. 

18.9 Outline the steps involved in the characterization of organic compound. 

18.10 How can an organic compound be purified ? Give examples of (i) crystallization, (ii) 
sublimation and (iii) distillation. 

18.11 Give a brief account of various types of distillation processes with which you are 


familiar. 

18.12 Describe Liebig's method of estimating carbon and hydrogen in an organic 
compound. 

18.13 0.36 g of an organic nd gave 0.01 mole of CO» and 0.005 mole of H20. 


Calculate the percentage of carbon and hydrogen in the compound. 
, er (Ans. С 33.3%, Н 2.779%). 
18.14 Explain the principle involved in estimating nitrogen by (i) Duma's method and (ii 
Kjeldahl's method. "t 1 . 
0.1124 g of an organic compound gave 19.0 mL of nitrogen at 189K and 753.5 mm 
pressure. Aqueous tension at 289K = 13.5 mm. Calculate the I of 
(Ans. 18 9%) 


nitrogen 

18.15 How is аа estimated Бу Carius method ? 

0.284 of an organic compound 0.287 р of AgCI on heating with fuming nitric 
acid and silver itate in a Cation ИБС Find out the оар of chion in 
the compound. (Ans. 25%). 

18.16 How is sulphur present in an organic compound estimated ? 

0.32 5 of an organic substance containing sulphur gave 0.2334 g of BaSO4. 

Calculate the percentage of sulphur in the substance. Atomic masses of Ba, $ 
and O are 137, 32 and 16 respectively. (Ans. 10.2%). 

18.17 Describe the methods of (i) detecting, and (ii) determining phosphorus in a given 
organic compound. 

1.475 g of an organic compound 0.7085 g of Mg2P207. What is the percenta; 
of pl б hoe ta tte Pee Ye н ure (Ашы 134290) 

18.18 What are the methods of determiniag the molecular mass of a substance ? Describe 
one of these methods. 

18.19 An organic compound contained C = 20.0% and H = 6.66%. 0.075 g of this 
compound, after digestion with conc. H3SO4 was distilled withcaustic soda and the 
ammonia evolved was absorbed in 100 mL of 1V H2SO4. The excess of the acid 
required 73.7 mL 1 N NaOH for neutralization. The molecular mass of the 
compound was determined to be 60. Find out the mkolecular formula of the 
compound. (Ans. CH4N20) 

18.20 An organic acid was found to contain C = 40% and H = 6.6696. The molecular mass 


of the acid is 90. Calculate its molecular тр че е е Соз 
18.21 0.295 g of an organic compound gave 0.444 g ol 2, 0.225 g ol an mLo 
nioa at STP. What is the empirical formula of the compound ? (Ans. CzHsNO). 


18.22 An organic compound contained C = 53.33%, H = 15.56% and rest of it was 
sioe Calculate the molecular formula of the compound assuming it to contain 


one atom of nitrogen per molecule (Ans. CgH7N). 
ANSWERS TO SELF ASSESSMENT QUESTIONS 
18.1 (i) homogeneous (ii) distillation (iii) iodine (іу) sand 


imati i) colloidal solution — (vii) impure. í | 
18.2 М Suede | (у Leparating funnel method р definite (iv) physical 


d о» air (vi) a pero ТШ iqui б) T 
(vy) Т (vi) T (vii) F 
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UNIT 19 
The Molecules of Life 


"You shall gain your bread by the sweat of your brow until you return to the 
ground; for from it you were taken. Dust you are, to dust you shall return". 


Genesis 3: 19 


UNIT PREVIEW 

19.1 Introduction 

19.2 The cell 

19.3 Carbohydrates 

19.3.1 Classification 
19.3.2 Monosaccharides 
19.3.3 Oligosaccharides 
19.3.4 Polysaccharides 
19.3.5 Preparation of glucose 
194 Proteins 
19.4.1 Amino acids 
194.2 Peptide bond 
19.4.3 Structure of proteins 
19.4.4 Chemical characteristics of proteins 
19.4.5 Enzymes 
19.5 Nucleic acids 
19.5.1 Structure of nucleic acids 
19.5.2 Biological functions of nucleic acids 
19.5.3 Viruses 
19.6 Lipids 
19.7 Cell defence (medicines, vaccines) 
Self assessment questions 
Terminal questions 
Answers to self assessment questions 
LEARNING OBJECTIVES 
At the completion of this unit, you shall be able to: 

1. Give a definition of biochemistry and macromolecules 

- Describe a living cell and its functions 

. Describe the natural sources of carbohydrates and their c! 

- Classify the carbohydrates and describe each of them 
Define proteins and their major functions 

. Describe the bonding and structure of peptide chain in the &— helix and beta pleated 

Sheet. 

Understand the meaning of the following terms associated with proteins : Fibrous, 
globular, œ — amino acid, asymmetric carbon atom, chiral centre, peptide bond, 
denaturation, primary, secondary and tertiary condensation. 

8. Explain the importance of enzymes 

9. Describe the structures of nucleosides,nucleotides, and the DNA double helix. 

10. Know the basic composition of nucleic acids 

11. Describe the important b 


12. Understand the term virus, and explain how does virus cause disease, 
13, Describe the chemical‘ i rane and their importance 


14. Define the following terms: saponification, hydrogenation, replication, transcription, 


gene, triple, codon, anticodon, photosynthesis, fatty acids, specificity and selectivity. 
15. Emphasize and understand the i 


mportance of the macromolecules for our living 
system. 


hemical compositions. 


м Фила 
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191 INTRODUCTION OEE 


The lines given in the beginning of this unit suggests man’s relation- 
ship to NATURE and its laws. But there exists a fascinating interlude be- 
tween dust to dust — that which we call LIFE. A living organism or- 
ganizes beautifully to maintain a low entropy within itself, and thus, 
resists, for a time, the universal tendency to approach a state of equi- 
librium where entropy and disorder reach a maximum. To maintain and 
sustain the high degree of order, the living state requires the information 
of heredity, the energy of biochemical reactivity and sufficient raw 
materials to build cells. 

In man’s attempt to understand the physical universe, the com- 
plexity of living systems has always presented a challenge. 

All life processes - such basic functions as reproduction, growth, 
movement, thinking and ageing - depend on chemical reactions. 
Biochemistry is the science that concerns the chemistry of living or- 
ganisms, It deals with all the substances that-make up living matter and 
with the chemical changes that give rise to life. 

Many of the molecules found in living cells are structurally and 
functionally among the most complex organic substances known to 
mankind. Living organisms mainly consist of water, proteins, car- 
bohydrates, lipids (fats and oils) nucleic acids and inorganic substances. 
Oxygen, carbon, hydrogen, and nitrogen are the most abundant elements 
in living organisms. They account for 96% of body mass. Others, i.e, cal- 
cium, phosphorus, potassium, sulphur, chlorine, sodium and magnesium 
are elements which are found in less abundance in living. organisms. 
Vitamins, enzymes, and hormones are some of the basic functioning com- 
ponents of living cells. In this unit we shall study the chemistry of car- 
bohydrates, proteins and nucleic acids and their specific roles in the 
maintenance of life. 

19.2 THE CELL ^ 

The cell is the fundamental unit of all life. Cells combine to form 
tissues; tissues make into organs; and organs combine into organisms. 
Cells are too small to be seen by naked dy Do ж ауен 

ears ago with microscope (constructed around that t "o 
ede of a typical cell is suggested through Figs. 19.1 and 192. Figure 


19.1 describes the types and complexity of organic molecules present in 


cells and Fig 19.2 gives the simplified sub- structure of a cell. 

s forms of life -- from one celled plants and 
animals to the highest forms of complexity. Still there is much that er 
forms of life share . Of the known elements, about 50 occur in living 
matter in measurable amounts. Of these, about 2 have functions yer ci 
known with certainty. Table 19.1 gives the picture of some of the 
elements that are present in the human body. 
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There are variou 


TABLE 19.1 Elements present in the human body | 


Element Percent by Element Percent by 1 
mass mass \ 

Сагбоп 18 Охуреп 65 ў 

Calcium 2 Phosphorus 1.2 j| 

Chlorine 0.20 Potassium 0.20 

Hydrogen 10 Sodium 0.11 

Magnesium 0.04 Sulphur 0.20 

Nitrogen 


3 
Trace Elements : B, ALSi, V, Mn, Fe, Co, Cu, Zn, Mo, I. 


THE CELLS 


ORGANELLES: NUCLEUS, MITOCHONDRIA, CHLOROPLASTS 


E 
SUPRAMOLECULAR UNITS 
PARTICLEWEIGHTS, 106-109 ENZYMES, RIBOSOMES 


MACROMOLECULES: p geris t 
MOT, WT., 103-106 ; 


NUCLEIC ACIDS PROTEINS POLYSACCHARIDES LIPIDS 


BUILDING BLOCKS; 
mat. wt., 100-350 


INTERMEDIATES: MONONUCLEOTIDES AMINOACIDS SUGARS FATTY ACIDS 
mat. wt., 50-250 


ENVIRONMENTAL 
PRECURSORS: 

RIBOSE a-KETO ACIDS PHOSPHOPYR VATE, ACETATE 
MOT. WT., 18-44 » os тне MALONATE 


Fig. 19.1 Cellular organisation 
Water is the principal constituent of living matter (Table 19.2). 


Most plants and animals contain 65-90 
percentage of water varies with the kind 
or tissue concerned, e.g., bones contain 1 
the water content of the blood is about 80 percent. Water keeps the inor- 
ganic substances and organic molecules in solution, by which they are 
transported through the living organisms. Foods, when digested, are 
taken to various parts of the body in fluid form. Many waste products 
are eliminated from the body as water soluble substances. The oxygen 
which we breathe dissolves in water before it is carried to blood by the tis- 


percent of water by mass. The 
of organism and with the organ 
2 to 15 percent of water whereas 
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sues of lungs. Plants take their food from the soil in aqueous solution. 
Food produced in the leaves of plants passes in solution form to the roots 
TABLE 19.2 Approximate chemical composition of bacterial cell 


Substance Percent Substance Percent by 
by mass mass 
Water 70 ucleic acids 
DNA 1 
El RNA 6 
ements 1 Phospholipids 2 
Мат, K+, Mg*, Са2+, etc.) 
olysaccharides 2 Other small 3 
i molecules 
Proteins 15 
EXPORT-CELLULAR e 
ыл. PRODUCTS F 
< 
У O storace 
HYDROLYTIC TRANSPORTATION EXTA an 
ER MATRIX 
RIBONUCLEASE 
ACID-PHOSPHATE 
PLASMA (CELL) 
“LYSOSOMES x MEMBRANE 
T SS PROTEIN 
GOLGI ч FACTORIES 
APPARATUS е 
(FOR SECRETION) SM us ENDOPLASMIC 
MASTER CONTROL cM Aj ENERGY (FOR INTRACELLULA 
INFORMATION 2] 5" (y PRODUCTION TRANSPORT) 
^. (KREBS CYCLE. 
CBRODUCTION i ^77  RESPIRATORY 
PRI Н 3 
ЖР RNA ACTIVE IN Airs DRIA сумев. ер. 
FORMING RNA 
RUA CED OXIDATION 
CONTAINS GHROMOSOMES : S 
CYTOPLASM ($ 


ACID., 27 


JESIS 


| HORMONAL 


7- AMINOACID giycoLysis FATTY 
? SY 


NUCLEAR MEMBRANE io 
S ACTIVATION 


ION PUMPS 
ACTIVE TRANSPORT. EFFECTS 
MECHANISMS 


Fig. 19.2 A typical animal cell and its sub structural components 

1. The outer wall of the cell, plasma membrane separates the extra-cellular 
1 е cell. 

peo be о е: covered flat sac which contains 


2. Golgi aratus is а membran 
MEAS ion and delivery to other organelles. 


macromolecules for secreti y у ў t 
ic reticulum present in eukarytic cells contains on its 
' synthesize protein. 


ite с which sy. Mis 
4. The nucleus 1 equipped with chromosomal DNA packed with histone 
I Mm are the power plants of all ейкагуоііс cells which derive 
cer fom food tri enzymes which are involved in intracellular 


digestion. Ms 
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"^ апа seeds. Next to water, carbon is found in the form of micro as well as 
macromolecules. Micromolecules whose mass is in the range of 100 to 
1000 amu contain — 30 carbon atoms and are found free in solution in 
the cytoplasm of the cell. These molecules get converted to macro- 
molecules through various stages. 


The chemical reactions which take place in the course of synthesiz- 
ing the organic molecules - micro and macro - are given a collective name 
‘metabolism’. Two types of metabolisms are catabolism and anabolism. 
Catabolism relates to the breakdown of organic molecules , e.g, breaking 


of sugar into carbon dioxide and the breakdown of amino acids to urea. 
Energy is released in the process. Anabolism relates to the building up 
of more complex structures from simple ones, e.g., nitrogen is first con- 
verted to ammonia and then to complex organic nitrogen compounds, the 


formation of fatty acids from acetic acid and the formation of proteins 
from amino acids. 


Yeast (a bacteria) also assists in breaking down (anaerobically, a 
catabolic process which takes place in the absence of oxygen) complex or- 
ganic molecules, such as glucose into simpler molecules like ethanol, 
acetic acid or lactic acid. All these reactions take place with release of 
energy. A large portion of the energy released is stored as chemical ener- 
gy in compounds such as nucleoside triphosphates. These compounds, in 
turn, react with water (hydrolysis) releasing energy. This energy is util- 
ized by the cell for muscular contraction and locomotion, for initiating 
synthetic chemical reactions to produce structural and functional com- 
ponents of the cell, for carrying substances across membranes and to in- 
itiate the process of specific metabolic reaction sequences. 


The complex molecules in a cell are polymers of very high 
molecular masses, ер, carbohydrates, proteins, and nucleic acids. 
Proteins and carbohydrates are the two major constituents of our food in- 
take. Proteins are found in all parts of the body and help in the main- 
tenance of body in many ways. Some proteins are structural components 
of skin, muscle, and hair. Others control the transmission of nerve im- 
puses. Some of the proteins work as enzymes or biocatalysts which ac- 
celerate many reactions in cells. The deoxyribonucleic acid, DNA, is the 
organic molecule in which an organism collects information about its 
genetic characteristics which, in turn, is transmitted from generation to 


generation. Carbohydrates serve as store house of energy and structural 
material of plants. 
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193 CARBOHYDRATES 


This class of compounds are among the most major constituents of 
most living systems; act as the main source of energy for biological 
processes as well as a structural component in plants. In plants, they form 
the greater part of the cell tissue on which the plant relies for its support. 
They include familiar substances like glucose, sucrose, starch, cellulose, 
etc. They provide with all the three basic needs of life, viz., food (as starch 
containing grains) clothing and shelter (cellulose in the form of cotton, 
linen, wood, efc.). The name originates from the fact that many sugars 
(which form parts of this class of compounds) have the general formula 
Ca(H20)m - i.e., carbon hydrate- hence, the name carbohydrates. Thus, 
glucose, CeH1206 the most common sugar, can be written as C6(H20)6 
and sucrose as C12(H20)11- However, these representations do not ex- 
plain their relative nature. They bear little or no relationship to the struc- 


tures known today. 


They are produced by green plants (by chlorophyll, the green pig- 
ment of plants) in nature from carbon dioxide and water by the action of 
sunlight via a process called photosynthesis. Thus, carbohydrates are the 


end products of photosynthesis in plants. 


The driving force for the reaction is supplied by sunlight. This 
reaction helps in storing some of the energy given out by the sun. 


Animals consume the саг hem back to carbon 


bohydrates and convert t 
dioxide and water, in the process releasing and using the stored energy of 
the sunlight. 


19.3.1 Classification 


i ain classes: the sugars and 
Carbohydrates are grouped into two m t ; 

the ia s ( olysaccharides). Further sugars are classified according 

ie f cture. Glucose 1s 


i i in their stru 
asic sugar units present in t 
tothe ae Е mplex sugars and as such is known as 


on с basic units of more со i wn а: 
ше. bination of several such units are known as di -, tri, 


monosaccharide. Com | 
tetrasaccharides, polysaccharides. 
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Carbohydrates 
| | 


Sugar (sweet soluble crystalline) Non-sugar 
Ч Роувассћагідеѕ(СєН10 Os)n 
CIEN CTasteléss, insoluble, amorphous) 
| tarch, cellulose, etc. 


Monosaccharide Oligosaccharides 
Glucose, fructose galactose erc. | 


EB wit T 


| 


Tri. Tea Ale, 
(CigH25011, (C18H32016) > {еп units 
Sucrose, Maltose, Raffinose 
Lactose 


carbons, as trioses, tetroses, Pentoses, hexoses and so on 
(Table 19.3), They are highly soluble in water, de 


C3603 Glycerose 
O4 tythrose 


exoses H1205 Glucose, Fructose, 


898 


To EE ч 


| Glucose, the most important monosaccharide can exist as а straight 
chain or cyclic molecule. The first clue of the existence of cyclic confor- 
mation of each d-glucose and I-glucose came with the change in rotation 


Г ү Й *CH,OH 
Мм "e 
| Ум i. -0 
| —_|—= EL 
| H 
Нос —H С* 
он ран G—OH 
к= —- 
H [e OH | Hd | 
НС =—он н 
*CH, OH 
(I) Open chain structure (ii) Cyclic 
(Glucose or Aldohexose) 


of freshly prepared solution of each forms (d-glucose + 11225 l- 
glucose + 18.7°) to a stable rotation of + 52.7, a phenomenon termed 
mutarotation. In solution there is an equilibrium between the two types 


of structures. | 

A number of points emerge from the structures. Firstly there is a 
large number of hydroxyl groups. These, it is thought, are reponsible for 
the sweet taste of sugars and are certainly responsible for their high 
solubility in water. In glucose (I), the hydroxyl groups at position acts 
and 6 are, in fact, typical alcoholic groups; 6, being a primary тю 
group and the others secondary. Another point which emerges is х at 
there are four asymmetric carbon (a carbon atom attached to | in 
different atoms or groups is called asymmetric carbon atom ie : ре 
possess а chiral centre) atoms in glucose (D, atoms 2,3,4 an i. wi А 
potential of 16 isomers (8 d 1 pairs). The projection of the -O pum 
was correctly deduced by Emil Fischer. Out of d пої : 
aldohexose isomers, only d-glucose, d-mannose and d- and | - ga qu 
have been isolated from natural sources, while the others have been 
synthesized. í ү 

Aldehyde and C-5 alcoholic groups interact to rom a ae 
hemiacetal (II), thereby, producing a new asymmetric саго 1 ii т 
giving rise to two distereoisomers. The favoured ЖЧ аш ^ EE 
the chair form of cyclohexane. Structurally x E "d (the p 
distinguished by the projection of hemiacetal — OH gro ap uos a 
OH group) which projects downward (axial) group in «- glu 
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upward (equatorial i.e., extends out from the ring) in В glucose. This 
slight, structural difference of « and B forms is of high significance. 
Starch, a polymer of « —glucose units is digestible. However, the 
enzyme systems of man distinguish and reject cellulose, a polymer of В — 
glucose units, consequently, cellulose is indigestible. П 
Glucose is the most abundant naturally occurring monosaccharide. 
It occurs in plants and animals. It is found in honey, ripe grapes, and 
other sweet fruits and in the blood and urine of man. It is also found in 
saps of plants, blood, and tissue of animals, Depending on the source, it 


H 
H 
| *CH,OH є 
Hod wer | CH,OH 
ee Da 70. Ha : / 
RON И |. 4 T Ир м0 ? 
Л зе EA 
| но 'C——OH 
OH H | 
H 
«-d — Glucose B— d- Glucose 


has been called grape sugar, corn sugar and blood sugar. It is also called 
dextrose. 


of paitents seriously in need of nourishment, as it is the immediate source 
of energy for energy requiring cellular reactions in the body such as tissue 
repair, macromolecular synthesis, muscle movements, еіс. An average 
€ in his blood. This can supply energy 
for about 15 minutes and is continuously replaced in the body. 

S Diabetic patient's body cannot assimilate glucose and this sugar is 
eliminated through the kidneys. The urine may contain as much as 8 to 10 


percent of glucose in such Cases, and its presence there is one symptom of 
the disease. 


» Glucose is the major structural component of some important 
igher saccharides such as Sucrose, maltose and lactose. 


Fructose, à monosaccharide, is the only ketohexose commonly 
encountered | in biochemistry It is the sweetest of all the 
monosaccharides. It can exist in both chair (pyranose) and ring 
(furanose) forms. It is the basic unit of insulin, a polysaccharide. 
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and in honey. It can be 


Fructose occurs in a large number of fruits 
and hence, used in the 


converted to glucose in the liver and intestine, 


body. 
CH,OH C d 
| | OH 
c= Mas | нос, 
aut ] C H,OH 
HO l H ЖАТУ ~ CDA dio 
-Cm H OH 
| С^ = [s N 
H— C—OH yo / 7 DRE er OH \ Ut ен 
| | он | | \ 
H— Ç —OH HO H HO H 
| 
CH,OH 
d — Fructose В = Fructopyranose œx — Fructofuranose 


(A ketohexose) 
19.33 Oligosaccharides 
These are built up of a certain п 
that are split on hydrolysis. Disaccharides and tri 


umber of monosaccharide units 
saccharides belong to 


this class. 

i In disaccharides, two simple sugar units are joined by the elimina- 

tion of water between the aldehyde group of one sugar and hydroxyl or 
ues need not be 


the two monosaccharide resid 
her) linkage called a glycoside 


ketonic group of the other ( 
tal (double et 
boiling with dilute 


the same). This forms an ace 
bond. They can be hydrolyzed by enzyme action or by 
mineral acids to the constituent monosaccharides. 


H+ 
sCiHozOnu + НО —— 7 Cg Hi2 Ов + Св Ні Ов 
lucose + fructose Invert sugar 


Sucrose ———3À 
(from honey) 


(Juice or sap of plants such as 
sugarcane, sugar beet, pine app’ 
and carrot roots) 
Maltose = > 8100050 + glucose 
(on enzymatic hydrolysis of starch) 
Lactose ————7* 8100086 + galactose 
milk sugar) à 
of several plants including 


Sucrose is isolated fro: | 
sugar cane and sugar beet. Hydrolysis of sucrose by acid or by enzymes 
i of equal molar quantities of glucose 


gives invert sugar - a mixture 


m the juice or Sap 
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М. 


Glycosidic linkage , 
Maltose, a disaccharide 
fructose. Honey is a rich natural source of invert sugar. It is also 
produced on a industrial scale and used when non-crystalline sweetner is 
required, ; 


extent of 5 percent. It occurs to about 7% in human’s milk. Pure lactose 
is obtained from the watery byproduct of cheese production. 
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CH 
HO n 
о 
H 
HO H 
H 
HO 
H 
a - GLUCOSE UNIT [e] 
CH,OH 
H OH 
н 3H,OH 
HO H 
В - FRUCTOSE UNI r 
Sucrose, а disaccharide 
OH 
CH,OH 


HO 


JH 


B- GALACTOSE UNIT B- GLUCOSE UNIT 


Lactose, à disaccharide 


193.4 Polysaccharides 
The repeated condensation polymerization of monosaccharide 
units leads to the formation of a polysa' ide molecule. Individual 
sugar units may be connected to one another to form linear, branched, or 
circular polysaccharides. 
Starch is a polymer which is made of « -glucose units only. It is 
the major storage form of glucose in plants. It is accumulated by plants in 
ior food supply for the young 


seeds, tubes and fruits. It is often the maj 
plant until it has developed a leaf system and can manufacture its own 


food. It is an essential food source of carbohydrate and is found in 
‚ cereals, potatoes, lagumes, and other vegetables. 


Cellulose is the material of plant cells, as in wood. Cotton contains 
llulose. Like starch, cellulose is a polymer of 


about 80 percent pure ce 
2 И `` 


a ~ d— GLUCOSE UNITS H OH 


A portion of starch molecule; Starch, a polysaccharide 


B — glucose joined together though oxygen linkages to form long chains. 
The use of « -glucose in starch and that of В glucose in cellulose is of 


high significance. It af- 


(—Gl cose—Glucose—), fects the chemical 
structure and proper- 

— Glucose ties of starch and cel- 

lulose. Cellulose is a 

(7 Glucose—Glucose— Glucose Glucose--), linear polymer and 
1 mechanicaly much 

Sd qs Stronger than starch 

Starch, a Branched Polymer which is a branched 


Н CH oj 
HO RES 
H 
H Ho H 
B - d- GLUCOSE Unite (—-Glucose— Glucose— Glucose) 
A portion of cellulose molecule ` Cellulose, a linear polymer 


Cellulose, a polysaccharide 


904 


by the action of enzymes Ог mineral acids to monosaccharides. They are 
difficult to hydrolyze as compared to disaccharides and intermediate 
products can be isolated during the course of the reaction. 

Starch, glycogen and cellulose (about 3000 glucose units) are mac- 
romolecules, high molecular mass polysaccharides consisting of glucose 
units linked by glycoside bonds. Their size place them in the colloids 
category. They are insoluble, but disperse in aqueous media as typical 
colloids. These do not possess reducing properties as potential aldchyde 
groups are destroyed by glycosidic linkages. 

193.5 Preparation of Glucose 

Glucose is the most important monosaccharide (aldohexose) since 
starch and cellulose, efc. are built of glucose units. It is also called 
dextrose due to its optical rotation or grape sugar. Glucose is the blood 
sugar of man. It is widely used under the lable 5% dextrose for in- 
travenous feeding, since it requires no digestion. Glucose is a threshold 
metabolite, one that is selectively reabsorbed in the renal tubules. 

From sucrose : Glucose is prepared by the hydrolysis of sucrose (a 
cane sugar), which on boiling with dilute hydrochloric acid or sulphuric 
acid in alcoholic solution gives glucose and fructose. On cooling the solu- 
tion, glucose being almost insoluble in alcohol separates out m the crystal- 
line form. Yeast invertase 

Ci2 H2 O11 + H20 аа SICUT. 

Sucrose 


Cs H12 Ов + C6H1206 
Glucose Fructose 


If sucrose, present in molasses (obtained during sugar refining) is 


3 y у: 15. ga lyst 
yeast 1S added for h drol: 515, Yeast contains an Or nic cata OT 
yme known as invertase that causes the sucrose to be hydr olyzed to two 


sugar units glucose and fructose. But these sugars are con 


by zymase present in yeast. 


) Н 1 ucose is obtained by the incom- 
From starch : (1) Commercially, gl os iso or HaSO« a зк 


plete hydrolysis of starch by heating with [CI c а 
ing solution 1s neutralized wit 
under a pressure of 2—3 atm. The res ting ors а 


calci d off. The fil 
СаСОз and the calcium salts are filtere of ier hacen’ 


by boiling with animal charco and соп 
sure. HCI, 359K 
(CoHi205)n + 2-3atm Glucose 
Starch aterials such as wheat, potatoes, 


(II) Starch, extracted from raw mae Н ‚ Malt con- 
barley or rice by using superheated steam, 5 ne xa ded пр 
tains the enzyme diastase which helps the stare hanes 
sugar maltose. 

Diastase 

ee USD Ci H0n 

pei + nH20 Maltose 
r 
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————— — 
Yeast is now added and the enzyme maltase in yeast converts the 
maltose to glucose, 
Maltase 
CpH»Oj + ЊО —> 20H12 
Maltose E Glucose 
but the enzyme zymase present in yeast converts glucose to ethanol and 
carbon dioxide. 

Glucose may also be obtained by the hydrolysis of cellulose. 

Note : The hydrolysis of the starch present in the food material * 
begins in our mouth catalyzed by the enzyme, amylase (present in saliva). 
When the starch reaches the stomach the dilute HCl present there 
catalyzes the hydrolysis to glucose. 

19.4 PROTEINS 

Proteins in life provide protection as skin, hair and nails and motive 
power as muscles. As enzymes, they sustain life by speeding up otherwise 
slow chemical reactions. Thousands of different types of proteins go into 
the make up of a living cell. They take part in thousands of chemical 
reactions that occur in a living cell. Proteins are gigantic polymeric mac- 
romolecules of amino acids with high molecular mass produced in plants 
and animals. They are considered to be the building units of all vegetable 
and animal bodies. Proteins are essential part of diet and are vital for the 
maintenance and growth of life. The name protein is derived from the 
Greek word ‘proteios’ meaning first or primary, i.e., compounds of 
primary importance. They contain the elements carbon, hydrogen, 
nitrogen, oxygen and sometimes sulphur and phosphorus. Proteins are 
built of long linear chains of some 20 different œ -amino carboxylic acids. 
The general formula of an «—amino acid is, 


R —Ci—— соон (в = hydrogen or other groups) 
| 
NH2 
Their complexity is associated with the unique structural characteristics 
of interactions of amino acids. The way all the words of the English 
language are given by combination of the characters of the alphabet, the 
proteins of all living organism with their diverse functions are derived 
from the 20 amino acids. 
Proteins perform a wide variety of biological functions. Some of the 
important proteins and their functions are given in Table. 19.4 
19.4.1 Amino acids 
Studies of the products obtained on Protein hydrolysis show that 
proteins are made up mainly of just twenty naturally occurring amino 
acids. Although there are structural differences among the common 
amino acids, there are also certain similarities, They all contain an amino 
and a corboxyl groups attached to the same carbon atom and are desig- 
nated = — amino acids. Further, « —carbon atom is asymmetrically 
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TABLE 19.4 Biological functions of some important proteins. 
Type Examples Function 


Enzymes Trypsin, Pepsin Catalyzes some of the biochemical reactions 
Information trans- Insulin, Glucogen Hormones 
mission 
Motion Myosin, Actin Helps in muscle movement 
Storage Myoglobin Stores oxygen in muscles until it is required for 
energy production. 
Structural Collagen, Keratin Structural and j protective function occurs in hair, 
nails, teet 
Transport from h lungs to various tissues 
ру AT Died strea s 


TAM oo qu MIT 
substituted in all cases except glycine. They all differ in the chemical na- 
ture of side chain R, , 


ET id 
| gd | I E 
a cc on ЕЕС JUNI OH 
| | hi 
МН; МН; 
(Alanine (ala) 
Glycine (gly) (General formula) (R=CH3) 
(R=H) : д 
Some amino acids with different side chains are given below: 
H O О н О 
« 
HO— CH? = bade н sol mec = Hon 
| 
Shi Aspartic acid вр) 
R=- CH; OH Sg p 
н о н о 
jæ | | 
Cu сн: = C— C— 0H ns -Ibo- Уту C— OH 
hs NH2 
Phenylalanine (phe) Cysteine (cysh) 
R= -CH2 C6H5 R= — CH2SH | 
H O 
j= 11 


CH; — C—C—OH 


| 
NH2 


нм CH, — Сю — СЮ 


Lysine (lys) 
к = — CH; CH; CH; CH: МИН? 
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The nature of side chain is important in determining the properties 
of the resulting proteins. All amino acids have a basic group ( — NH2) 
and acidic group (— COOH) which can react with each other or with 
other sources of acid or base. The most important reaction of amino 
acids is that involving amide formation. 

19.4.2 Peptide Bond 

Amino acids units are linked together by condensation reaction in- 
volving the loss of a water molecule between cach joined unit. The « — 
carboxyl group of amino acid and the « — amino group of another join 
through amide linkage, called peptide linkage. The resulting structures 
are called peptides. 


о 


H2N — T — C—OH +H} NH — CH — C— OH 
| 
R -H20 R 

| | 


|| 
uris m mbi юн 


К amide or К  pipeptid, 
peptide linkage dE us 


Depending on the number of amino acid residues per molecules, 
they are referred to as dipeptides, tripeptides and so on finally polypep- 
tides. A protein molecule is a polypeptide and may contain hundreds or 
thousands of amino acid units joined in a linear fashion. Their molecular 
masses range from 15000 to 60000 amu or more. The polypeptide chain 
in proteins forms the backbone of primary structure of polypeptides. 
Proteins may be represented by the following formula : 


L| , |] 
H O R tH о 
Г j 
: |" 
Pd | de NU Net Pars 
1 t ри 
R ' | I ! R 
' 
— р 


A unit of the polypeptide 
Formula for Primary polypeptide structure 
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The amide linkage (peptide linkage) is essentially planar, since the 
nitrogen orbital containing a lone pair of electrons overlaps with the car- 
bonyl « electrons, and the electron density is spread over the O- C - № 
atoms (Fig. 19.3) This type of overlap imposes a barrier to rotation about 
the carbonyl C—N bond. Protein chains, however, can twist, curl or 
entwine because of the asymmetric carbon atom between the nitrogen 
atom and carbonyl carbon atom (Fig. 19.4). These discoveries have been 
made through the application of X-ray diffraction techniques; much of 
the credit for this very important work goes to Linus Pauling who 
received the Nobel Award in 1954. 


с; 
UP. C e 


Fig. 19.3 Amide : Lone pair Fig. 19.4 Twisting of protein chain 

overlap with тт electrons 
19.4.3 Structure of Proteins 

The basic chemical structure of prote 2 | 
German chemist, Emil Fischer between 1900-1910. Through his studies 
he established the presence of peptide bonds. Protein molecules differ 
among one another not only in the number and kind of amino acid 
residues but also in the order in which the residues are arranged in the 
polypeptide chains. This means that the number of possible protein 
structures is very large. Each protein has a distinct order of arrangement 
of the amino acids in the peptide chain. This order of arrangement т 
called the primary structure of the protein. Frederick Sanger, а Britis 
chemist, in 1953, elucidated the primary structure of protein hormone 
insulin for the first time. He determined the primary structure of beef 
insulin and for this work he was awarded a Nobel Prize in ie It a "i 
amino acids that are jointed through two polypeptide c pee at 
together by S-S bonds. Since then, the primary structures o ку 
hundred proteins have been studied and duly established. Primary s 


ture, as we known, is the backbone of proteins. cee sod ipii 
in the sequence can disrupt the biological activity © Vs Us carrier dd 


ample, in haemoglobin - the protein present in blood which 1 
de - Be of mid cr amino acid makes it defective for 
our purpose. This causes a disease called sickle cell ana 
suffering from this disease, the defective haemglobin inr 
precipitates causing the cells to sickle and sometimes burst. 
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ins was determined by the 


ed blood cells 


Polypeptide chains are quite flexible and can take on many dif- 
ferent shapes. Polypeptide chains tend to form random coils or adopt 
helical or sheet structures. These arrangements are termed as the secon- 
dary structures. This has been possible because the flexible polypeptide 
chains could be stabilized by hydrogen bonds, extending from the 
hydrogen attached to the nitrogen of one amide group to the. carbonyl 
oxygen of another amide group. Two types of shapes that occur frequent- 
ly in proteins are the = — helix, similar to a cork screw, (Fig. 19.5, be- 
cause of intramolccular association within a chain), a spiral arrangement 
of the polypeptide chain and the р -structure (Fig. 19.6 -intermolecular 
hydrogen bonding between two different polypeptide chains), an arrange- 
ment of pleated sheet. 


PEN HYDROGEN, 
BOND 


N 
| 
H 
! 
A 
[e 


С» 


(b) 

Fig. 19.5 Structure of « —helix in proteins: (a) linear polypeptide chain. 
The dotted lines show the centres of hydrogen bondin КЫ. the same 
chain between the different amino acid residues, (b) olypeptide chains 
tend to coil in a form called ап = — helix. This coiling produces a three 
dimensional tubular aspect to the protein chains. As shown hydrogen 
bonds tend to hold the « —helix in place. 
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100 DEGREE 
ROTATION 


F 


PIRAL PATH Oi 
CHAIN 


(a) (iii) 
helix in proteins (c) intramolecular hydrogen 
-3.6 amino acid residues per tum. The 


helix is stabilized by the linkage of NH and CO of peptide bonds by 
tide backbone. The dotted lines show the 


? Fig. 19.5 Structure of « — 
onding in œ —helix of a protein with 


; hydrogen bonds. (d) the Poiypep 
wydrogen bonds between the carbonyl oxygen of one amino acid residue and 
the N-H hydrogen of the fourth residue 


In the polypeptide backbone of the alpha helix there are 3.6 amino 


acid residues for each turn of the helix link. Each amino acid residue 
forms a hydrogen bond through its carbonyl oxygen with the N-H 
hydrogen of the fourth residue. Although hydrogen bonds are weak, the 
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Fig. 19.6(a) Intermolecular hydrogen bonding between two parallel | 
polypeptide chains leads to formation of sheet structures, (b) schematic 
picture of beta pleated sheet. 


cumulative effect of several hundred hydrogen bonds in a protein 
molecule is enough to ensure structural integrity. This type of integrity I5 


imperative to the biological functions of the protein and if it is irreversibly 
destroyed the protein can no longer function. 


The beta pleated sheet consists of peptide chain arranged side by 
side to form a structure that resembles a piece of paper folded into many 
pleats. The carbonyl groups of one peptide chain are hydrogen bonded to 
N-H hydrogens of adjacent peptide chain that run in opposite directions 

` so that the N-terminal of one get oriented against the C-terminal of other 
In fact, a number of such chains can be interbonded together to form 
sheet. Such sheets tend to stack one upon another to form three dime 
sional structure called a beta pleated sheet. Beta pleated sheets а 
formed by separate strands of protein or by г single chain looping ba 
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on itself. Silk possess structure of this nature with the protein chains run- 
ning in the direction of silk fibres. This arrangement imparts to silk its 
‘characteristic mechanical properties. Silk fibre is not elastic. On stretch- 
ing, the covalent linkages are destroyed. On the other hand, silk fibres 
can bend easily because its protein sheets can slide over cach other. Silk 
(fibroin), wool, (keratin) and hair (collagen) are the examples of fibrous 
proteins.The proteins present in stretched hair and muscle and wool have 
been shown by x-ray analysis to possess polypeptide chains arranged in 
parallel fashion forming sheets (Fig.19.6). They tend to be long, rod 
shaped molecules with great mechanical strength. These proteins possess 
elastic nature. On stretching, the weak hydrogen bonds are broken, and 
thus, tend to increase in length like a spring. On releasing the tension, the 
hydrogen bonds are reformed and thus, help the protein molecules to ac- 
quire their original shape. 
Tertiary Structure of Proteins 
A third structural modification of proteins called tertiary is found 
in the non-stretch connective tissues in ligaments and in the strengthening 
networks of skin. It has been established with the help of X-ray studies 
by Kendrew and Perutz (Nobel Award 1963) that both the helical and 
non-helical regions of the peptide chain are present in this type of 
protein. These helical pleated sheets may be additionally folded or 
twisted into three dimensional space in a highly specific manner. These 
specific tertiary structures can interact with each other to form more 
complex molecules. The secondary and tertiary structures are an 
outgrowth of the primary structure of a protein. Myglobin present in 
muscle and haemoglobin found in blood belong to this class. These 
proteins are called globular proteins and possess more or less spherical 


shape (Fig. 19.7) 67 Ла 
The tertiary structure of a protein is controlled by several differen 
kinds of Vnd (Fig. 19.8) that serve to hold the folded segments of 
the chain in place. For example, besides hydrogen bonding, there exist 
ionic attractions that occur between a negatively charged deprotonated 
carboxyl group and a positively charged protonated amine group. _ 
be described as either 


The portions of protein that cannot ў ў 
т k are called random coils. A typical protein may 


œ — helix ог B — structure : 

contain portions of each of the three different classes of three 

dimensional arrangements. jm fu. 
е chain and weak sites in its 


The random coil parts of a polypeptid and | 1 
œ —helixes and | structures impart too much flexibility to he bem 
Interactions between side chains fold the polypeptide chains into 


convoluted shapes (the tertiary structural characteristics). 
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HAEMOGLOBIN 


MYOGLOBIN 


(b) Myglobin 


Fig. 19.7 (a) Haemoglobin 
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— CH,CO HN (CH,), 
ASPARTIC LYSINE 
ACID 
(a) 
Он 
3 | 
sd. ČH, — Q — 0 -esere H— OCH, — 
ASPARTIC ACID SERINE 
(b) 
E [О] 
H, —'SH| + Hs —CH, — (=== (— CH, —S—S— CH, — 
2 
[hy 


(c) 


Fig. 19.8 Linkages contributing to the tertiary structure of proteins 
(a) Salt linkages : Acid-base interactions between different coils; aspartic 
acid unit donates a proton to the free amine group of a lysine unit (on 
different coil), (b) Hydrogen bonding : Interactions between side chains of 
certain amino acids, and (c) Disulphide linkages : Oxidation of the highly 
reacts thioalcohol (-SH) group of cysteine to a disulphide (—S—S—) can 
ur. 


19.4.4 Chemical Characteristics of Proteins 

Protein molecules tend to unfold and lose their characteristic 
shapes when exposed to heat, extreme pH or non-aqueous solvents. 
These reactions called ‘denaturations’ change the physical properties of 
proteins and destroy their biological activity. Coagulation of egg albumin 
(white of an egg) by heat is a famliar example of denaturation. Con- 
centrated acids, bases, strong electrolytes and heavy metal ions 
(нег * Hg" Ag *, etc.) also help in denaturation. 

Amide links of proteins are readily hydrolyzed: a protein therefore, 
can be broken down to give a mixture of different « - amino acids. The 


mixture can be analyzed for the relative amounts of different amino acids 

in the protein by chromatography technique. Further it can be found 

which amino acid is at the amino end of a protein and which is at the 
e by appropriate reactions. 


carboxylic acid end of the molecul 
A long polypeptide chain can be broken up into smaller 
es which cleave amide bonds 


polypeptide fragments by specific enzym 
between specific pairs of amino acids. The terminal groups of these 
smaller polypeptide parts can, thus be ascertained, With the help of these 
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hydrolysis reactions and using careful logic, it 1s possible to determine the 
complete sequences of the amino acid units in a protein molecule. 


Classification of Proteins 

In our discussions, we came across proteins which on hydrolysis 
yield only amino acids : the simple proteins. A second class of proteins, 
the conjugated proteins, yield, on hydrolysis, substances other than amino 
acids. 

Simple proteins: (a)AIbumins - from blood serum and egg white, 
(b) Globulins - from blood serum, (c) Glutelins - from cereal grains: 
wheat, corn and barley, (d) Scleroproteins - such as the elastin of con- 
nective tissue, the keratin of hair, horn, hoofs, and feathers, and collagen, 
the most abundant animal protein (е) protamines - low molecular mass 
basic proteins usually associated with nucleic acids, (f) Histones - such as 
globin, the protein portion of haemoglobin, 

Conjugated Proteins : (a) Phosphoproteins - with one or more 
phosphate group attached usually to the -OH group of a serine molecule, 
Such as pepsin, found in the stomach, (b) Lipoproteins - with a lipid unit 
bonded in some fashion to the protein; approximately 70% of the lipid 
found in blood plasma is bound to protein, (c) Mucoproteins - with large 
amounts of carbohydrates, (d) Glycoproteins - with small (— 442) 
amounts of bound carbohydrate (e) Chromoproteins - with a group at- 
tached affording a visible colour, including haemoglobin and other 
respiratory pigments. 

Proteins can be divided into two main classes on the basis of their 
structural features: (i) Fibrous proteins : These are insoluble in water. 
These proteins have long thread like molecules. Hairs, nails, hoofs, 
muscle proteins are examples of fibrous proteins (ii) Globular proteins : 
These are soluble in water and in aqueous solutions of salts, acids and 
bases. The molecules of globular proteins appear as globules, i.e., have an 
almost spherical shape. These proteins are of vital importance to living 
systems, because these act as catalysts for many chemical reactions 
occurring in the cells. 

19.4.5 Enzymes 


Most of the life giving chemical reactions that occur in your body 
(and the bodies of all other living things) involve complex organic 
molecules, eg, carbohydrates and proteins. As you already know 
(Section 19.1) that reactions between organic compounds are mostly slow. 
Without very effective catalysts, most of the reactions, (hydrolysis of 
proteins, etc.) that give you energy to live would take place at a rate far 
too slow to sustain life. Such catalysts are called enzymes. Enzymes 
themselves are globular proteins that serve to catalyze chemical reactions 
in living systems. Thus, an enzyme is a complex protien molecule 
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produced by a living cell that catalyzes a reaction of the cell. It has.a very 
specific catalytic function. For example, the manufacture of alcohol from 
sugars by fermentation is catalyzed by the enzyme, zymase which is 
produced by yeast cells (Section 19.3.5). 


A typical cell contains about 3000 different kinds of enzymes. Un- 
like many reactions in a laboratory, most of the biochemical reactions in 
cells take place in aqueous solutions (a cell contains about 70 percent 
water) at pH 7.0, at physiological temperatures (37 ° C or 310 K) and at 
atmospheric pressure. Under these conditions, these reactions are not 
likely to take place at a significant rate without taking the help of en- 
zymes. So, to some extent your existence is because of enzymes you have. 
Your genes determine the enzymes your body has the ability to syn- 
thesize. This ability of producing enzymes is passed from generation to 
another generation. 

A human body with a genetic defect (absence of an enzyme) does 
not function effectively. In some case, an enzyme deficiency is caused by 
the dietary deficiency. For example, vitamins are needed to synthesize 
certain enzymes. Long absence of a particular vitamin in your food can 
cause disease and even death. Thus, the symptoms of the vitamin 
deficiency may be correlated to the deficiency of certain enzymes. 

Mentally retarded children suffer from a disease known as phenyl 
ketone urea. This is caused by the deficiency of the enzyme 
phenylalanine hydroxylase. 

Some enzymes require an additional substance called a coenzyme 
to function effectively. Many vitamins that you normally consume to. 
maintain good health are precursors of coenzymes. Vitamin Ву), whose 
deficiency in the. diet causes a disease known as pernicious anemia, 15 
changed into its coenzyme in the body. Many metals, like cobalt, etc. are 
essential (in small amount) to enhance the activity of enzyme. 

Enzymes have the following characteristics: 

1. Remain unchanged during the course of reaction — — 

2. Do not change the normal position of chemical equilibrium. 

3. Act as a catalyst for a specific chemical reaction — specificity 

4. Act efficiently — the rate of some reactions is increased several 


hundred thousand fold (10%) in the presence of an enzyme. 
The last two properties are very remarkable. Many enzymes ap- 


parently catalyze only one reaction of the many thousands taking place all 
the time in the body. This is despite the fact that in same cases the com- 
pounds involved in different reactions may be similar. For example, the 
enzymes that catalyze the digestion of starch cannot catalyze the 
hydrolysis of cellulose. The following reaction will convey about the ef- 
ficiency and specificity of enzymes. An enzyme carbonic anhydrase 
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present in the red cells of blood catalyzes only one reversible reaction, 
ie., the breaking of carbonic acid into water and carbon dioxide. 
Carbonic Anhydrase 


H2COs H20 + CO? 

In ideal conditions, i.e., іп a perfect body, a single molecule of car- 
bonic anhydrase can help in the breakdown of about 36 million molecules 
of carbonic acid in one minute. Ptyalin in saliva breaks down the starch 
like molecules in our food, and thus, helps in the growth of our body. 
Pepsin is another important enzyme which converts protein to simpler 
molecules. 

The catalytic activity of an enzyme seems to be the greatest of all 
catalysts. The mode of its action is the same as that of any other catalyst, 
ie, it increases the rate of reaction by lowering the enrgy of activation 
for the reaction or process (Fig. 19.9) 

ENZYME ABSENT ENZYME PRESENT i 
[ c 


FINAL ENERGY 


POTENTIAL ENERGY 


LEVEL FOR EP 
THIS REACTION 
(A) (B) 
PROGRESS OF REACTION -> PROGRESS OF REACTION 3 


Fig. 19.9 The effect of enzyme on the activation energy 


The plausible mechanism of enzyme action involves a reactant 
specics called the substrate (S). It attacks the active site on the enzyme 
(E) and forms a complex (ES). In due course,the complex decomposes 
to produce a product species (P) and the original enzyme (E). Thus, a 
two step mechanism is : 

S-E——— ES 
ES ——— E+P 


The binding site is apparently quite specific and can bind ‘only one 
or only one kind of substrate molecule. The specificity has been 
compared.to a lock and key (Fig. 19.10). 


In all such enzymatic reactions, the first step is reversible followed 
by an irreversible step. The reaction rate increases with the 
concentration of substrate until a stage is reached when further addition 
of substrate does; not affect the rate. Enzyme activity is also affected by 
temperature at p . 

19.5 NUCLEIC ACIDS 

No area of scientific enquiry in the 20th century has generated 

more interest and speculation than the study of nucleic acids. 
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KEY PADLOCK ENZYME- KEY PRODUCTS 
(ENZYME (SUBSTRATE SUBSTRATE (ENZYME 
MOLECULE) MOLECULE) COMPLEX MOLECULE) 


NO PRODUCTS. 


KEY PADLOCK ENZYME- 
(ENZYME (SUBSTRATE SUBSTRATE 
MOLECULE MOLECULE) COMPLEX 
(NOT POSSIBLE) 


Fig. 19.10 The lock and key type relationship for the interaction of substrate 
and enzyme; (a) enzyme is effective (b) enzyme 15 ineffective. 
On of the most mysterious aspects of life is the ability of living or- 
ganisms to reproduce themselves. The fact that organisms are involved in 
reproducing their own species, continue to keep busy the chemists world 
over. This reproduction is the self duplication of a cell by a division. For 
a cell to live for ever, it is necessary that it must have à record of amino 
acid sequences, enzymes and proteins as they are the raw materials for 
the production of new cells and to repair damaged cells. From, different 
proteins different types of species will emerge. Thus, when a cell gets sub 
divided into two new cells, it is desired that they are equipped with identi- 


cal information about their proteins. ro 

How is this genetic inforfmation stored and transmitted within an 
organism (cell), and between parent and off spring ? This basic question 
of life and the mechanism of heredity has been the most challenging 
problems facing science today. This problem has been partly solved by 
the determination of the molecular structure of nucleic acids. Nucleic 
acids are the important constituent of the nuclei of all living cells. The 
nucleic acid macromolecules are of two major types: deoxyribose 
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acids (DNA) and ribose nucleic acids (RNA). DNA is found in the 
nucleus of the cell while RNA is found in the cellular fluid outside the 
nucleus, the cytoplasm. Both are found bonded to proteins as 
nucleoproteins. They are, however, chemically quite distinct from 
proteins and are made of nucleic acid units. Both are essential for the 
biosynthesis of proteins. 

Within the nucleus there are giant nucleoprotein molecules that 
biologists call chromosomes. DNA constitutes parts of the chromosomes. 
Specific sequences of arrangement of the DNA groups on the 
chromosome are called genes. Genes determine all aspects of your body, 
structure and functions. They exercise their superiority at least in part by 
determining what enzymes your cells can produce. Chromosomes and 
genes occur in pairs. You inherited one gene of each pair from one 
parent and one from the other parent. 


Nucleic acids make up less than one percent of the organic 
compounds present in the cells of living organisms; yet these compounds 
are imperative to life. They control all the chemical reactions of the cell 
and are responsible for the reproduction and transmission of hereditary 
information. Thus, nucleic acids carry genetic information as a chemical 
code that is passed on from one cell to another as they divide, and from 
one generation to another as organisms reproduce. 

19.5.1 Structure of Nucleic Acids 


Nucleic acids are polymers of simple structures called nucleotides. 
Partial hydrolysis of a nucleotide gives one molecule of phosphoric acid, 
one molecule of a five carbon sugar and one nitrogen base group. There 
are four types of base residues present in DNA. Two of these bases - 

ymine (T) and cytosine (С) are known as pyrimidine bases. The other 

o, adenine (A) and gaunine (С) belong to the class of purine bases. 

ymine which occurs in nucleic acids of the cell’s nucleus is replaced by 
uracil in nucleic acids outside the nucleus in the cytoplasm. 

RNA differs from DNA in two ways. (a) The sugar residue in 
RNA is a ribose whereas in DNA it is 2-deoxyribose, and (b) RNA con- 
tains pyrimidine base uracil (U) whereas DNA contains thymine (T). 

А polvnucleotide chain can be represented as : 


Base о Ваѕе о 
| || | |! 
His Sugar — О —— P—— О — Sugar — — O0 —— P ——— О---- 
| | 
он он 
Polynucleotide chain 


(Base = Purine or pyrimidine) 
The nucleotide units of DNA and RNA molecules have the purine 
and pyrimidine bases attached to the deoxyribose or ribose molecules to 
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give nucleosides. Thus, the backbone of the nucleic acid is a polyester 
chain. The acid part of the ester is phosphoric acid, and the alcoholic 
part is a sugar. Each sugar is linked (at C—1 through a. В — linkage) to 
one of the four heterocyclic bases. Thus the primary structure of nucleic 
acid refers to the sequence of base residues attached to the sugar 
phosphate backbone. 

The DNA and RNA differ in their molecular mass, shape and 
biological functions. The proportions of the bases and their sequence 
also differ in different nucleic acids. 


proposed a structure of DNA called the secondary structure. DNA 


their heads in opposite 
helix (Figs.19.11 and 19.11a).The two strands (i.e, 
are right handed and have ten nucleotide residues per turn. 
held together by hydrogen bonding between bases, which oe 
positions at right angles to the axis of the strands. The hydrogen bonds 
are formed between guanine and cytosine and between adenine аы 
thymine. When pairing of bases between two strands (eg, in DNA) 


occurs, the two strands are said to be complementary to each other. 


Ribonucleic acids RNA occur in both the nucleus and cytoplasm of 


all cells. RNA is synthesized in the nucleus under the supervision of 
DNA. A section of DNA double helix opens up anda complement to it is 
synthesized that contains ribose n ү, ps 4h 
segment then separates as RNA (Fig. 19.1). e ymin 
only one strand. RNA contains the pyrimidine uracil in place of thymine 
in DNA. i 

A section of DNA serves as the pe ir pr E 
RNA. The RNA migrates Она 
cell. Three distinct types of RNA occur tn the cells of highe 


19.5.2 Bi of Nucleic Acids en 
2 Biological авот. o Ns of DNA are: () Replication an d 
(2) Protein synthesis. шше dite lonis T 
- Ч t 
role in life processes, It provides info! ictions as cows 
synthesis of proteins. 
ty of precise self- regionon 
i i complete 
This property of DNA forms the ba obi ist e ра es o 
animal or plant, i.e., the transmission of he „М eta, ah сЕ 
"This can happen by the 
. As a result of mutations, 
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SUGAR 
(DEOXYRIBOSE) (Р) 


№ ADENINE 
ut THYMINE 


A representation of a portion of DNA. The bases 
adenine-thymine and guanine-cytosine are paired 
together with hydrogen bonds. 


Js 
Y 


R Q---H— | 
H 
Cytosine-guanine үзө bonding. 


сну Сее H—N N 
The double helix in the DNA. \ 
The sugar phosphate chain 
provides the backbone of 4 N——H ----- N G) ‘\ 
each strand. ^ N R 
R [9] 


Thymine-adenine hydrogen bonding. 


Fig. 19.11 
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DNA CHAIN STRUCTURE 
S40: 
OY 


ee el a 
" МН. 


BASES . 


NHe (ADENINE) 


о 
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ome " 
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BASE. 
4 | 
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Es "A SUGAR 
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H 
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H SUGAR 
H 


їв. 29. 11а Schematic structure of a single DNA chain. the four bases are 
shown are at the right. 
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| 


Fig. 19.12 Formation of RNA than twenty different 


structural and functional characteristics 
i a given species can change substantial- 
y. 
Replication (Copying) of DNA 

Cell division (undergo mitosis) is 
necessary for the growth and main- 
tenance of each organism and for the for- 
mation of new organism. During cell 
division the two strands of DNA separate. 
Each daughter cell receives one of the 
two nucleic acid strands. Even though 
the two strands are not similar, they each 
contain the information necessary to 
remake the original dihelical structure. 
Here each strand serves as a pattern ог 
template for the formation of two new 
strands which will be identical with that 
originally present in the parent cell (Fig. 
19.13). This is because of the base pair 
specificity (i.¢.,T with A and C with G). 
Thus, the exact sequence of bases in the 
DNA molecule can be retained from 
parent to daughter cell and through many 
geneations. All the necessary information 
required for the growth and proper main- 
tenance throughout the life of the cell, is 
stored in DNA molecule. 

The following three types of RNA 
molecules аге important in protein 


3. Transfer RNA (t-RNA) 
The m-RNA is a complementary 
f one strand of given 


copy of a portion О à 
DNA molecule. It carries the message 


given by a DNA molecule for specific 
protein synthesis. The r-RNA provides 
the site for protein synthesis in the 
cytoplasm. 

The t-RNA is responsible for the 
transport of a specific amino acids to the 


site of protein synthesis. A little more 
types of t-RNA have 
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been identified, each of these t- RNA molecules is specific for the trans- 


fer of one amino acid. 
Protein Synthesis 4 b 
DNA serves as an instructions manual for all protein synthesis in a 


cell but DNA does not furnish this information directly to the cell. It 
always works through m-RNA (present in the nucleus) whose function is 
to transcribe (rewrite) the information and make it available to the 
ribosomes (present outside) of the cytoplasm. Неге it furnishes the 
information for producing the proper amino acid sequence to make a 
protein (Figs. 19.14 and 19.15). The m-RNA is then able to call up 
t-RNA molecules, each of which transport an amino acid to the site of 
protein synthesis. The system of replication, transcription and translation 
can be summarized. 
Replication Transcription Translation 


DNA m-RNA —————_-> Protein 


The Genetic Code 


The code (set of directions) 
that determines the exact sequence of 
amino acids in the protein synthesis is 
stored in the chromosomal DNA. It 
is always available in a well defined 
pattern of base molecules on the 
double helix of DNA. A group of 
three (triplet) base molecules in a 
DNA strand creates a situation where 
a complementary set of base 
molecules appear in the m-RNA 
formed on it. This triplet or codon on 
the m-RNA must be matched by a 
complementary triplet called an 
anticodon in t- RNA. The specific 
t-RNA with this anticodon carries a 
specific amino acid to the site of 
protein synthesis. Each segment of 
е the DNA molecule which codes for а 
RUN. complete protein is called a gene: 
As-T==>, The DNA present in human cell 
Nye Tes, Á contains about 5-50 billion nucleotide 

bases coding for nearly one million 
G genes. 


A à 
yes j Nirenberg, Holey and Har 
G- C27 Govind Khorana, through their 
ENAN ATE studies aimed at relati 1 
p ips ts relating specific 


Fig. 19.13 Replication of DNA 926 
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Fig. 19.14 The relation of DNA to various RNAs and protein synthesis. 


codons to specific amino acid units have arrived at the genetic code given 
in Table 19.5 The significant features of the code are as listed below: 

o There is more than one triplet code for the amino acids. 

o The first two letters of the codon are most significant. The third 
letter varies. 

o There are several codons that do not represent any amino acids. 
Although they are referred to as nonsense codons, these seem to play a 
role in starting and terminating protein synthesis. 

о The various codons direct the same protein synthesis, whether in 
bacteria, plants, lower animals or humans. 

The genetic code is presented in Table 19.5. 

19.5.3 Viruses 

Viruses cause the diseases such as common cold, poliomyeletis, 
measles, small pox, rabies, influenza, mumps, efc. Such diseases among 
human beings result from the formation of large number of virus 
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vironment in the human body. Viruses which infect bacteria are called 


molecules from a few of these molecules when they are in the suitable en- 
bacterio-phages. 


ў г /( о 
tRNA: AMINO COMPLETED 
ACID PROTEIN 


Fig. 19.15 Mechanism of protein synthesis(a) Through the action of an 
enzyme, at-RNA molecule brings a single amino acid to a site on a ribosome. 

The anticodon of the t-RNA AAA as shwon must be complementary to the . 
codon of the m- RNA (UUU). The amino acids joins the chain as shown, 

the chain moves from the t-RNA on the left to the one on the right. (b) As 

the ribosomes move along the m-RNA strand, more and more amino acid 

units join through the proper matching of t-RNA molecules with the code on 

the m-RNA. (c) When the ribosome reaches the end of the m-RNA strand, it 

gets disconnected and releases the completed protein. The ribosome is free 
to repeat the process. 
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TABLE : 19.5 The genetic code 


Second base 
U с А G 
UUU UCU UAU Туг UGU ү Cys 
U шс f Phe UCC UAC UGC 
UUA ОАА " Nonsense ОСА “Nonsense 
уос f Leu UCG UAG Nonsense UGG Trp 
CUU CCU САП | His CGU 
C |CUC | Leu CCC | Pro CAC 
CUA CCA CAA | Gin CGA | Arg 
8 CUG CCG CAG CGG 
Ez] 
t 
| A [AUU ACU AAU AGU 
AUC | Ile ACC |Thr ААС! Asn AGC | Ser 
AUA ACA | GA 
AUG Met ACG AAG! Lys AGG | Arg 
с |GUU G ЧАҢ GGU 
GUC| Val GCC | Ala GAC Asp GGC |Gly 
GUA GCA G GGA 
GUG GCG GAG Glu ООО 


Note : The symbols Phe, Thr, Gly, efc., represent aminoacids. 

Viruses are the lowest form of life and are much smaller than bac- 
teria. They are infectious in nature. They cause many diseases among 
plants and animals. 


Viruses have a capacity to reproduce but they lack the capacity of 
multiplying themselves as cells. Because of this property, they can also be 
considered as living organisms. They first attack the host cells and try to 
control the reproductive machinery of these cells. Here, they start multi- 
plying, and thus, destroying the old and new host cells. 


The viruses are one kind of a giant molecules. They have the 
remakrable power of causing other molecules identical with themselves to 
be formed. They are no more than a protein coating wrapped around a 
nucleic acid (RNA and DNA) core. The RNA is infected by some 
viruses such as polio virus and tobacco mosaic virus (TMV). Bac- 
teriophages, herps virus and SV 40, polyoma virus (cancer causing) attack 
the DNA molecules. ; 


The electron miscroscope has made it possible to see and 
photograph virus molecules. Ordinary microscope cannot serve the job... 
They are too small to be seen. 
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19.6 LIPIDS 


so calied iat-solvents such as, benzene, cther, chloroform, carbon 
tetrachioride, etc. Lipids are generally insoluble in water. Waxes, 
triglycerides and phospholipids are the important naturally occurring 
lipids 


Unlike polysaccharides and proteins, lipids are not polymers, i.e., 
their molecular masses are relatively low. 


Fats and oils are esters of gylcerol (a trihydroxy alcohol) and fatty 
acids, The triesters of fatty acids with glycerol are known as triglycerides 


In fats and oils (tryglycerides), the acid component of the esters 
may be saturated or unsaturated. We call a lipid a fat if it is a solid at 
298K and an oil if it is a liquid at the same temperature. As the lipids 
from animal sources are generally solids these are referred to as animal 
fats, Lipids obtained from plants are usually liquids at room temperature, 
and therefore, referred to as vegetable oils. This is because fats contain a 
greater proportion of saturated fatty acids, whereas oils contain more of 
unsaturated fatty acids. 


Palmitic СНз (СН2) COOH 
Stearic CH3(CH2)16 COOH 
Oleic СНз - (CH2)7- CH = CH- (CH2)7 - COOH 
Linoleic — CH3(CH2)4 CH = CH - CH3- CH — CH - (CH2)7-COOH 
Linolenic CH3CH2- CH = CH - CH2- CH = CH - CH2- CH =* 
* 

In phospholipids, one of the glycerol ањон dente елы 
with a phosphoric acid derivative while the other two hydroxyls are com- 
bined with fatty acids. Thus, the Phospholipid, lecithin has the structure: 
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m ОСО (CHa) CH3 
CH- O- CO (CH2)4 СН» 


o 
| ll 
Gh 20 - Р- сњ - ab- № (Cbs 


1 “thi 
Oils and fats can be hydrolized by alkali. The alkaline hydrolysi of 


ponification. 
Oil (fat) + Base —————* Soap + glycerol 


soaps have limited solubility in water and can be obtained as solid cakes. 
soaps have nid d cluble in water and are wed ы gals in hu 
ids are 


effectively. tures 10 et embranes help in carrying ions and molecules in 
effectively: Prosi The cell membranes are perfect and selective Не с, 
and out of the cedens to eater and the waste products to leave the c 

Steroid lipids possess а characteristic cyclic structure, called ^ 
чего nacen. Cholesterol i the most abundant ser и ы een thc 


z 


as eec gs molecular mass estèrs- of odg ыйа fy nots на 
long chain alcohols. olerample, bee's wax, from honey comb of the bee 


Carnabua wax, used in auto and floor polishes is 
Css- C -0 - СНз 


i They arc widely distributed in plants and animals where they fre- 
quently serve as protective agenis, Wax coating protects surfaces of many 
ants leave from water loss and attack by micro-organisms. 
9.7. CELL DEFENCE 
The essential function of the immune system is defence against in- 
fection, The overall effect of the mechanisms employed by the host to 
fend off infection is summarized as host defence. The impact of 
mechanisms employed by the parasite that causes disease is termed as 
virulence, Antigens are macromolecules which upon administration 
stimulate antibody formation which specifically combines with them. 
They may be proteins (mostly), polysaccharides, glycoproteins, etc. The 
antibody specific globulins are called immunoglobulins. A few days after 
injecting the antigen, the antibody level rises, reaches a peak and then 
falls. This is known as primary response, Second exposure to the same 
\antigen results in antibody formation faster and in higher titre. 
When microbes enter the body, defence operations come into play. 
1. Non specific humoral factors 
Ч Lysozyme, а low molecular mass basic protein, is most widespread 
bactericidal enzyme. It splits the exposed Peptidoglycon wall of the 
SUSPECTIBLE bacteria. It is present in serum, tears, efc. Oppsonins 


glycoprotein, inhibits viral proliferation in the cells. 
2. Specific response 
(i) Humoral immunity : Antigen on entering the body, evokes an- 
tibody synthesis which are then released into the blood and other body 
secretions. These antibodies act by neutralizing the bacterial toxin or by 
coating the bacteria and enhancing their phagocytosis by the phagocytes. 
This humoral antibody response is ‘B’ cell (Bursa derived Lymphocyte) 
function. 
(ii) Cellular immunity : Sensitised lymphocytes are produced 
which themselves are the effectors of cell mediated immunity. This is ‘T’ 
cell (Thymus derived Lymphocyte) function, 
19.7, Immunity 
(i) Passively acquired immunity; Administration of preformed an- 
tibody (Ab) from another individuald of same (homologous) or different 
species (heterologous) affords immediate protection against the infection. 
Since these antibodies are progressively catabolized, the immunity is short 
lived; Pooled human т- gloulins are useful for temporary protection 
against measles, rubella, etc. Heterologous т -globulins (produced in 
animals) are widely used for temporary prophylaxis against diphtheria, 
tetanus, efc. 
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(ii) Actively acquired immunity : Immunity actively induced by ad- 
ministring the pathogen or its products is long lasting, more effective and 
without the risk of hypersensitivity. The body actively participates in this 
humoral response. 

19.7. Immunization 

Prophylactic immunization is done for the prevention of the com- 
municable diseases. The vaccines may be 

(1) Live: Attenuated organism are used, €g., for small-pox 
poliomyelitis (Sabin) tuberculosis (B.C.G.) etc. 

(2) Killed organisms are used for typhoid (T А.В.) pertusis, efc. 

(3) Detoxified toxin (toxoids) are used for tetanus, diptheria, etc. 

Adjuvents like alum are used to make the antigen more im- 
munogenic and allowing slow and prolonged release of the antigen. 

19.7.3 Medicines 

Antimicrobial drugs are chemicals, which inhibit the growth of the 
micro -organisms while being tolerated by the host. They act by interfer- 
ing with cell wall synthesis, protein synthesis, nucleic acid synthesis and 
intermediatry metabolism of the microbe. This inhibitory effect may be 
reversible (bacteriostatic) or irreversible (bactericidal). Some inhibit tire. 
cell wall synthesis, e.g, penicillin, bacitracin, cephalosporins, éfc. inhibit 
the synthesis of peptidoglycon. They are effective only on the growing 
cells. > 
.... Some increase the cytoplasmic membrane permeability which 
results in increased leakage of essential metaboilities, € 
polymyxin, amphotericin B, etc. 

`.. Some inhibit nucleic acid synthesis,¢.g., greseofuluin, 

rifampine, etc. 

_... Inhibition of RNA translation results in the inhibition of 

protein synthesis, e.g., tetracycline, chlorampaenicol, etc. 

.... Inhibition of metabolic enzymes is achieved by metabolic 

antagonists. These compounds resemble their natural substrate. 


а SELF ASSESSMENT QUESTIONS 
Multiple Choice Questions 
19.1 ut tick (A) mark against the most appropriate choice. 
(i? Disaccharide present in milk is 
< (a) sucrose (Б) lactose (с) maltose (d) cellulose 
(ii) Which of the following monosaccharides igapentose т. 
... (8) glucose (5) fructose (c) sucrose (d) nibose 
(ii) Cane sugar on hydrolysis gives 


(a) glucose and maltose (5) glucose and lactose 


(c) glucose and fructose (d) only glucose. 
(iv) Which of the following bases is not found in DNA? 
(a) thiamine (b) uracil (c) guanine (d) cytosine 
(v; Which of the followings are not associated with fibrous [em 1 
( (a) hair (b) nail (c) maae ч d) brain 
vi) Which of the followings is not a macromolecu е X 
) (a) proteins Е (b) aucleic acids (с) enzymes (d) lipids 


Чч i 1 ds do not belong to lipids ? 
(vii) C the fone cosine ans ne helps ра N E, 
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(viii) Which of the followin: compounds is not a protein ? 1 
(а) myoglobin (b lysozyme (c) keratin (d) dextrin 
(ix) Which of the followings macromolecules do not contain nitrogen ? | 
(a) proteins (Ы) enzymes (c) carbohydrates (d) nucleic acids 
(x) Which of the followings is associated with insulin ? 
(a) Frederick Sanger (b) Linus Pauling (c) H.G. Khorana (d) Fischer 
19.2 Fill in the blanks: 
a) Ribose and окуно are called 
An example of aldohexose is 
с) Glucose and are combined together in lactose 
is a combination of fructose and glucose. 
€) Simple fats and are esters of and fatty acids. 
eR which are at room temperature are also called fats. 
5 Olesterol contains Т ne nucleus 
roteins are polymers 3 
i) The р pan structure Of protein is determined by which stabilizes the 
ptide chain. 
[0] Белинде is accompanied by a loss of activity. 
19.3 Mark true (T)or false (FJagainst the following statements. 
i) Cellulose is a monosaccharide. 
it) Fats are ordinary high polymers. 
iy Amino acid units are Popma aed by peptide links 
iv) Starch is a macromolecule consisting of B -glucose units. 
У) The proteins are the addition polymers of amino acids. 
vi) The secondary structure of protein is determined by hydrogen bonds which 
bilize the peptide backbone into helical sheet or coil Shapes. 
vii) Tire pleated sheet conformation occurs widely in gum teins. 
en Altefation of tertiary structure or gross shape of protein is called 
ix) denaturation. ys 
ix) Enzymes are protefg catalysts. 
x) Enzymes are unusual catalyst in their hi de of specificity and efficiency. 
ч) Nucleic acids are po are consistin т ы abd A md 
р КЫ Ху pentose involved, there are two major classes of nucleic 


fai Seth ers sare Even of protein synthesis. 
xiv) Fats are al chiefly as fatty acids, rol or то; rides, and are 
reesterfied to triglyceride Д the intestinal un celis. Ж х8 
Ma Cell membrane is made of lipids. 
latch the statements/words in column B against the words in Column A. 
d 
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Column ‘A’ Column ‘B’ 

1. Lecithins a) Tri ride 

2. Fatty acids А, КД, 

3. Cytoplasm (c) Cell 

4. Ribose (4) Phospholipid 

5. Deoxyribose (e) Enzyme 

6. Hydrolase (f) Pyrimidine 

7. Condensation (g) DNA 

8. Glycine (h) Amino acids 

9. Thymine (i) Coenzymes 

10. Vitamins (i) Proteins 
SHORT ANSWER QUESTIONS 


19.5 bue of the following questions briefly : { 
‚ Name the products which malt ї i 
2 Whe ма VEM т ‘Ose, Sucrose and lactose give on hydrolysis, 
3. What is a glycoside bond ? 
4. What is saponififcation ? 
5. What is hydrogenation ? 
6. Translate the Une base sequence abbreviations 
C-G 


(a) A-C-G-U and (b) T-A- C. 
7. Giving the source, state some of the important ings : 
(аў starch (b) cullulose i Pu А, үк отр; 
8. Differentiate between an amide and peptide bond, 
9. What are the important functions of roteins in th.e ? Give illustrations. 


10. Name the process which is relate. to unfolding to pepti i 
happen after the peptide chain unfold ? Foy PE ciiin. What docs 
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11. How does DNA differ from КМА ? . à 
12. To which class of the compounds the following compounds belong Gaunine, 
thymine, uraci, tri ride, wax, maltose, sucrose, invertase, yeast, pepsin, 
lactose, lecithin, cholesterol, cytosine. 
13. What is the nature of bond in DNA ? 
14. What will be the base sequence for the xo ачар RNA strand when the 
DNA base sequence is as given, A-T-G-C-T-A-T-A. 
15. Name the products which are pos when wax is hydrolyzed ? 
TERMINAL QUESTION ЗУМ И 
19.1 What is а cell? Give its characteristics. What are building materials of cell ? 
192 (а) What are carbohydrates ? How are they classified ? 
(b) Is the name representative of their f rties ? 
19.3 What is a disaccharide ? How does it differ from polysaccharide ? 
19.4 What role do carbohydrates play in living systems ? 
19.5 What are lipids ? Mention the role they play in body functioning ? 
19.6 (a) What are proteins ? Do they have amide linkages ? 
b) Describe the primary and secondary structures of proteins. 
с) What is meant by the term ‘denaturation of a protein’ ? 
19.7 What are nucleic acids ? Do they differ from proteins in their chain structure : ә 
19.8 (а) What do the termsRNA and DNA stand for ?Point out the difference between 
the two. 
(b) Mention three s of RNA molecules in a cell. Give function of each. 
19.9 Describe briefly the double helix structure of DNA. Give the functions of DNA. 
19.10. Name the enzymes uscful for the fermentation of starch to alcohol. 
19.11. Pick out the naturally occurring compounds from the followings : 
starch, cellulose, oc -amino acids, uracil, thymine, PVC, teflon polythene and urease. 
19.12. Define the following terms : 
a) lipid (b) nucleic acid (c) carbohydrate 
4) enzyme, and (е) protein. 
19.13. Describe the genetic code for nucleic acids. Define the terms gene, triplet, codon 
and anticodon. 
19.14. (a) Explain the essential difference between the following pairs of materials. 
(à a fat and a lipid (ii) a fat and an oil and (iii) a fat and a wax. 
с) Ради, why do phopholipids dissolve readily in water than simple or mixed of 
rides. 
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19.15. Describe what is meant by each of the following terms : 
(a) amino acids (b) peptide bond (с) polypeptide (d) protein (е) N-terminal amino 

ки (f) œ -helix (р) denaturation (h) assymetric carbon atom, and (i) chiral 
ntre. \\ 

19.16. What is meant by the primary, secondary and tertiary structure of a protein ? 

19.17. Describe briefly the meaning of each of the following terms as they apply to 
metabolism : (a) anabolism and (b) catabolism. 

19.18. What are two types of nucleic acids ? List their principal components. 

19.19. What are the principal functions of each of the followings in protein synthesis : (a) 
DNA (b) m - RNA and (c) t - RNA? 

19.20. What is virus ? How does it multiply and attack a human body ? 


vns a psn ANSWERS TO SELF ASSESSMENT QUESTION 
19.1 (i) b (ii) d (iii) c (iv) b (v) d (vi) d (vii) d (viii) d (ix) c (x) a. " 
19.2 (a) Pnetose, (b) glucose (c) galactose (d) sucrose (e) oils, glycerols (f) solid (g) 
Steroid( (h) amino acids (i) H-bonding, and (j) biological 
19.3 o) p 00 T (iii) T (iv) F (v) F (vi) T (vii) F (viii) T (ix) T (x) T (xi) F (xii) T (xiii) T (xiv) 
19.4 1 (d) 2 (a) 3. (c) 4. (b) 5. (g) 6. (i) 7. G) 8.(h) 9. (f) 10. (i 
19.5 1. (i) Maltose + water EAAS E PENE 
ii) Sucrose + water ucose and frustose 
iit) Lactose + water ucose and galactose 
2. Photosynthesis is a complex series of chemical reactions. In the sunlight 
chlorophyll absorbs energy. Photolysis of water produces hydrogen which can 
reduce carbon - dioxide giving glucose. 
3. Linkage produced by the elimination of water when two simple sugar combines. 
4. Saponifiction is the name given to the hydrolysis of fats ого! a strong base. 
5. It is a process of adding hydrogen across the double bond. Vegetable ghee is 


* produced nation. 
6. D) This is stand of A. A—C— G—U. 
, Adenine-Cytosine-Guanine-Uracil 
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(b) This а strand DNA. T-A-C-G 
Thymine-Adenine-Cytosine-Guanine 
7. (i) Starch Source : Cereals, potatoes, legumes 
Use : (1) source of food (2) Rich source of carbohydrate (3) manufacture 


(ii) сепы$ Шйтсе: : Wool, wood, cotton 


Uses : 1. Wood as source of cellulose is used for Pampan and furniture. 
(2) cotton is used in the manufacture of threads, fabrics, etc. (3) a 
source of glucose (4) Esters of cellulose are used to make varnishes, man 


made fibers. etc. 
8. An amide linkage 16 toraied by the elimination of water molecule when a carboxlic acid 
combines with an amino 
R- C—OH+H—N—R—» R-+C— NH R + НО 


H | 
О H 


Amide bon 
A рае ut link is formed by the elimination of water when two © — amino acids 


$28 COH -- HN — CH= Tec Se oa COOH 


R R - R Peptide bond К 
IM -CO involves the © — amino and о ару uj 
ARN ore amino acids may be added to a peptide. 2m 
9. (i) Habe Boti oxygen in muscles until it is required for energy production - 
уо 
(ii) A рк of “rea from lungs to various tissues through blood stream - 


(iii) Helps in ела the rate of biochemical reactions - carbonic anhydrase, 
maltose, yeast etc. 
10. enaturation 
It spoils the tertiary, structure of proteins, which results into a loss of biological 
activity. The protein becomes insoluble. Denaturation is caused by heat, acids, 
high salt concentration of heavy metals. 
11. DNA = The nucleotide of DNA involves deoxyribose (sugar) and one of the four 
bases i. = thymine (Т) Cytosine (С), gaunine (С) and adenine (А). 
RNA = the nucleotide of RNA ІА involves ribose (sugar) and one of the four bases, 


» ie, бабе) (п), йоне (С), gaunine (С) and yea (A). 


EN wax, lecithin, cholesterol 


Carbohydrate maltose, sucrose, 
13. The two strands of the DNA are are ben Id together by hydrogen bonds between specific 


base рын ves rai to T through two such bonds whereas G bonds to C with three 


hydroge 
14. Sequence of the other strand is TATAGCGC 
15. Waxon hydrolysis gives long chain fatty acids and long chain alcohols. 
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